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A PORTABLE APPARATUS FOR DETERMINING THE 
RELATIVE WEAR RESISTANCE OF CONCRETE 
FLOORS 


By Louis Schuman and John Tucker, Jr. 


ABSTRACT 


A portable machine for producing rapid wear and an optical gage for measuring 
the depths of wear were designed and built. Studies were made on 138 slabs of 
conerete to determine the effect of various mixes and C/W ratios and of such 
factors as aggregate types and grading, finishing procedures, dust coats, and liquid 
surface treatments. The tests show that metallic hardeners, dust coats contain- 
ing cement, and delayed troweling are effective in increasing wear resistance. 
The test methods used show advantages in the use of dry mixes, coarse aggre- 
gates, and of adequate damp curing. The use of a high-early-strength cement 
nermitted the damp curing period to be greatly reduced without decreasing the 


wear resistance. 


CONTENTS 
Page 
I. Introduction 549 
ST OO ee ea inn ae ee ea a a i a re i oie a i os 550 
1. Machine for producing rapid wear 
2. Device for measuring depth of wear 
Outline of investigation 
. Materials, test specimens, and test methods___..........._-__-__-_- 553 
1. Materials_---- 
2. Preparation and treatment of test specimens 554 
3. Test methods .-- $60 
fics HARD INERT Oe ee rcs at tah Ss Sea a a tr 561 
1. General discussion 561 
562 
(a) Water content and grading of aggregate 562 
(b) Type of aggregate .. 564 
(c) Finishing procedure and dust coats 
(d) Cements and curing conditions 
(e) Liquid surface treatments 
3. Pitting 
YI. Summary and conclusions 
VII. References 


I, INTRODUCTION 


Wear tests of concretes have been made by many investigators 
1 to 7]... Abrams [2], using the Talbot-Jones rattler, determined the 
effect of such factors as the water content and the fineness modulus of 
aggregates on the wear to depths of 2 in. In tests made by the Bureau 
of Public Roads [4], rubber-tired wheels with chains were used for 
abrading the surfaces under test; these studies were concerned mainly 
with the wear resistance of various aggregates. The effect of methods 
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of finishing and of other factors upon the wear resistance of +), 
surface ‘“‘skin,”’ that is, to a depth of approximately 0.1 in., were po, 
studied. 

The purpose of the present investigation was to develop an appar. 
tus for producing rapid wear and a method for measuring depths af 
wear up to 0.1 in. . 

II. APPARATUS 


1. MACHINE FOR PRODUCING RAPID WEAR 


The machine which was developed is shown in figure 1. It consis 
essentially of three vertical shafts to which the 3-in.-diameter cold. 
rolled steel abrading disks A, B, and C are attached by means o 
universal joints. Plate P?, carrying these abrading elements, rotate: 
at 2 rpm, while the abrading disks rotate at 180 rpm. Cups | 
attached to the disk shafts were loaded with lead to give a total log 
on each disk of 25 lb. The net abrading area (face, less slots) of 
each disk was 5.6 in.?; the pressure was therefore 4.4 ]b/in?. 

The revolving disks produced measurable wear; but for more rapid 
wear an abrasive, No. 60 silicon carbide grain, was used. This was 
fed from cup D, through a tube with \¢-in. diameter opening, and 
deposited on the surface to be abraded, about \ in. within the outer 
edge of the track formed by the abrading disks. The rotation of 
plate P and of the disks causes the abrasive to be swept gradually 
toward the center and, together with particles loosened from the test 
slab, to pile up near the plate support. The circular track formed by 
the simultaneous rotation of the plate and disks has an inside diameter 
of 12 in. and an outside diameter of 18 in. Preliminary tests showed 
that, with the loads and abrasive used, depths of wear up to about 
0.1 in. could be obtained when the machine was operated for 2) 
minutes. By measuring the depth of wear after several shorter 
periods of operation of the machine, it was possible to study the effects 
of methods of finishing, dust coats, and “hardeners.” 


2. DEVICE FOR MEASURING DEPTH OF WEAR 


The device used for measuring the average depth of the abraded 
surface is shown diagrammatically in figure 2. The light from a 
straight-filament 35-watt galvanometer lamp, A, is reflected by 
flat chromium-plated reflector, B. Though reflection takes place 
over the whole area of the reflector, the light beam which just passes 
the straight edge, FL, placed across the abraded surface affords a meas- 
ure of the depth of wear. The beams above this ‘‘measuring beam 
will not appear beyond the straight edge; the beams below it illum- 
nate the worn surface up to a contour, C, which is a magnified profi! 
of a radial section of the worn surface. The distance, m, from straighi! 
edge E to any point, P, on this contour C is read on a scale, S, rule 
on a celluloid plate and graduated in 0.1 in. The magnification 1s 
the distance, d, divided by the height, h, above the original surface 
Thus the depth of wear at a point, P, equals m+d/h. The average «ls- 
tance of contour C from straight edge / was estimated by inspectio: 
and used to calculate the depth of wear. The distances h and d were 
measured directly; in the device used the magnification d/h was 32 
and one division on the scale corresponded to a depth of wear ol 
0.1/32, or 0.003 in. 
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Figure 1.— Abrasion apparatus. 
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Tests of Wear Resistance of Concrete 553 
III. OUTLINE OF INVESTIGATION 


The reliability of the apparatus for determining the relative resist- 
ance to wear Of various surfaces was studied by means of tests on a 
series of concrete slabs of mixes varying from a 1:2 mortar to a 1:3:6 
conerete, in which various cements, C/W ratios, sands, and coarse 
aggregates were used. The surfaces were finished by different meth- 
ods, such as the application of dust coats of cement, cement and sand, 
or cement and metallic aggregate. The effects of various time inter- 
yals between placing and troweling, and of variation in periods of 
damp curing were also studied. The effects of sodium silicate and 
magnesium fluosilicate solutions, two types of materials frequently 
ysed for the treatment of concrete surfaces, were studied. 


1V. MATERIALS, TEST SPECIMENS, AND TEST METHODS 
1. MATERIALS 


A “normal” portland cement meeting the requirements of Federal 
Specification SS-C-191a was used in most of the specimens. This 
cement contained 2.5 percent of Fe,O; and 6.9 percent of AI,O3. 
Three slabs were made with a cement also meeting the requirements 
of the specification but with an Fe,O; content of 4.6 percent and an 
Al,O, content of 4.2 percent, and eight slabs were made with a high- 
early-strength cement meeting the requirements of Federal Specifica- 
tion SS-C-201. 

The gradings of the various aggregates used are shown in table 1. 


Sands A, B, C, D, and E and the gravels, all from the Potomac River, 


were largely silicious. The ‘‘traprock” sand (F’) and the No. 8 to 
y-in. “‘traprock’”’ were from a Pennsylvania quarry. The No. 8 to 
‘in, crushed limestone was from Martinsburg, W. Va. 


TABLE 1.—Grading of aggregates 


[Percentage retained on various sieves] 





Fine aggregate Coarse aggregate 
| 


Potomac River sand Potomac River gravel 
“Trap-| Metal- Crushed} Crushed 
rock”’ lic lime- “trap- 
sand, | aggre-| No.8} 4%in.| Win. | stone, 
F gate> to to to No. 8 
Yin. | Hin. | %in. | to 3¢ in. 











De 





% % % % 
0 0 0 0 
0 50 
6 100 
56 100 
20} 43 | 100 | 35 : 100 
28 | 57 | 100 50 49 | ( 100 
80} 79} 100] 78] 66 94} 100 100 
98 100 | 97 81 99} 100 100 























— | | | 
Fineness modulus - - |2. 47 |2. 44 ‘ 08 |4.62 |1.75 | 2.49] 2.48! 5.54] 6.00] 6.50 
i | 





5. 63 




















° Prepared from sand A by screening. 
: ' Metallic aggregate is to be distinguished from so-called metallic waterproofing compounds, the former 
being coarser and free of salts, as well as of oil, grease, and nonferrous metals. 
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In the study of liquid surface treatments, three grades of soqj,, 
silicate were used: The first is designated water glass and wags ». 
analyzed. The second had a soda-silica ratio of 1:3.13 and is des 
nated high-silica water glass. The third had a soda-silica ratio 
1:1.6 and is designated low-silica water glass. Each of the thro, 
grades was diluted to an 11- -percent solution by weight. The moc. 
nesium fluosilicate “hardener” solution was obtained in ty 
strengths—a 15-percent solution (based on the hydrated gy); 

MeSik,.6H.O) which was applied without diluting, and a 22-pereoy; 
solution which was diluted to various concentrations before applicatio 


2. PREPARATION AND TREATMENT OF TEST SPECIMENS 


The test specimens were slabs 23.5 by 27.5 in., usually 
when the aggregate coarser than 4 In. was used, sli vbs 2 in. ‘thi *k were 
made. The materials were stored and the specimens made jy 
laboratory maintained at 70°+2° F. The materials were mixed 
either a laboratory batch mixer or a small concrete drum mix 
Mixing was in all cases continued for 3 minutes after all the ingredi. 
ents had been placed in the drum, because this time was required 
the drier mixes. Flow values on the 10-in. flow t: able were determin 
on mixes with aggregates up to ¥in. On those with the coarser agere. 
gate, slumps were determined. 

The steel mold for casting the slab was placed over a sheet of asphalt 
impregnated roofing felt spread on the laboratory floor. The pre. 
pared mortar or concrete was placed in the mold, and spread an 
compacted with a mixing trowel. A wooden straightedge was the < 
used to screed and further compact the material, the edges of the mol 
acting as a guide. Where a smooth surface could not be obtained by 
screeding, the surface was further smoothed with a wooden float 
Final finishing with a steel trowel was done after various time inter. 
vals. Troweling was continued only long enough in each case t 
produce a smooth surface. 

The specimens were kept in the molds in the laboratory for 24 hours 
After this period the specimens not damp-cured were air-stored in the 
same laboratory until tested. The damp-cured slabs were placed in 
the damp room maintained at 70°+2° F and 95-percent or greater 
relative humidity. After damp-curing, these were also air-stored in 
the laboratory. All slabs except those made with high-early-strengtl 
cements were at least 28 days old when tested 

The materials, mix proportions, methods of finishing, and the curing 
treatments are given in table 2. 


2 est results 


TABLE 
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The liquid “hardeners” were applied to 15 slabs of a 1:2 morta 
when the slabs were 28 days old. The water-glass solutions were 
applied in three coats, on successive days, each solution being applied 
liberally with a brush. The slabs were not scrubbed with wate 
between coats, as usually recommended [1], since such scrubbing 
might have the effect of additional damp-curing. After the last coat 
the specimens were air-stored 2 weeks before testing. _ 

The magnesium fluosilicate solutions were also applied in thre 
coats. The 15-percent solution was applied without dilution, The 
22-percent solution was diluted with two volumes of water for the 
first coat, with one volume for the second coat, and with one-half 
volume for the third coat. The second and third coats of the fluosijj. 
cate solutions were absorbed better than the corresponding coats of 
water-glass solutions, as might be expected. 

To determine any possible effect of the water in the solutions op 
specimens not previously damp-cured, two slabs of mix 100 were 
given three surface applications of water, in amounts about equal to 
the amounts of magnesium fluosilicate or of water-glass solutions 
applied to the other slabs. 

Most of the specimens with sand C and those made for comparing 
cements, curing periods, and liquid “‘hardener’’ treatments were made 
in duplicate or in triplicate, as indicated in table 2. It was not con. 
sidered necessary to make duplicate or triplicate specimens in other 
cases. 

3. TEST METHODS 


Preliminary tests had shown that a 5-minute test without abrasive 
might give information of value, since the surface layer or “‘skin’’ was 
often more easily abraded than the subsurface. Consequently, all of 
the test slabs were first abraded by this method, which is designated 
test D1. The loosened dust was brushed off and weighed, and the 
depth of wear measured at eight equally spaced positions. 

Two 10-minute tests, designated A/ and A2, were then made on the 
same section of the slab, using abrasive; and the depth of wear for 
each test was measured. 

Twenty-eight slabs were given a further 5-minute test without 
abrasive, which is designated D2, on the area already abraded in 
tests D1, Al, and A2; and the weight of dust was determined as in 
test D1. 

The degrees of pitting (table 2) were estimated by inspection. 

The amount of dust removed in each of six successive half-minute 
tests from a section of the surface not abraded in the previous tests 
was determined for the slabs treated with liquid hardeners and for the 
corresponding untreated specimens (slabs 78, 79, and 97 to 103). 

The reproducibility of results in table 2 is illustrated by like slabs 
3 and 4 and also slabs 11 and 12. Individual test data are not given 
on the remainder of the slabs made in duplicate or triplicate. To 
furnish information on the reproducibility of the results obtained upon 
like slabs, the dispersion for the individual slab was measured, as 
expressed by the standard deviation, and computed from the formula: 
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where d is the deviation of the average value for a slab from the 

average for a like group (2 or 3 slabs in this case), n is the number of 

sroups of like slabs, and N is the total number of slabs in these groups. 
The reproducibility of the results is as follows: 





| Standard | 
| nda 
Test | deviation | 





| 

| Di—weight of dust in grams__......... 

| Di—depth of wear in 0.001 in 
Al—depth of wear in 0.001 in._.-.- é 
Ag—depth of wear in 0.001 in_.-_..._._- 





Computations were made also of the deviations in the eight indi- 
vidual readings on a single slab. These deviations are given in the 
following tabulation under the head of standard deviation of the 
individual measurement. These computations were made for a 
group of 10 representative slabs: 








Standard deviation 
Test ih aie 
Individual 


| | Measurement | 
‘2 | 


| Di—depth of wear Li ee ee cy oes 
Al—Gae Of WEae 108:0:001 1... . 5.0 2-205 ne 555s 
| Ag—depth of wear in 0.001 in 


L 





In the last column of the tabulation is given the theoretical standard 
deviation of a single slab computed from the standard deviation of 
the individual measurements. This standard deviation of the single 
sab is the standard deviation of the individual measurement divided 
by the square root of the number of individual measurements made 
on one slab—eight in this case. 

From the values of the theoretical standard deviation of the slab 
and the standard deviation computed for like slabs in the first tabu- 
lation, it is at once apparent that variations between different slabs 
are of the same magnitude as would be caused by the variations in the 
individual readings on a single slab and that results on duplicate 
slabs do not differ significantly from each other. 


V. TEST RESULTS 
1. GENERAL DISCUSSION 


The weights of dust removed in test D/ vary from 6 to 81 g, and the 
depths of wear in the same test from 0.002 to 0.018 in. In test Ai 
the depths of wear varied from 0.001 to 0.045 in., and in test A? from 
0.002 to 0.035 in. The values for test D2 are generally considerably 
lower than for test D1. 

The relative depths of wear in tests D/ and Al depend on the mix, 
finishing procedure, and other factors, especially surface treatment. 
For most of the tests, the depth of wear for test AJ is from two to 
five times as much as for test D1. In 10 cases, however, the depth 
for test Al differs little from or is less than that for test D1, indicating 
a highly resistant subsurface compared with the surface layer (for 
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example, Nos. 7, 17, 28, 37). Where the values for the D1 tests a», 
high, exceeding 0.011 in., indicating a comparatively poor surf : 
layer, the subsurface may be comparatively = with values 
the A/ test less than 0. 023 in. (s slabs 48, 67, 91, 95). 

For most of the slabs, the wear in test "ee vas approximate] 1Y equ 
to or less than that in test A/; however, for a few of the slabs it y 


considerably higher (slabs 2, 42, 43) 


yds 


2. EFFECT OF VARIOUS FACTORS ON WEAR 


(a) WATER CONTENT AND GRADING OF AGGREGATE 


Most of the mixes were moderately dry, although some wer 
1 
i 


suffic ently wet to have flow values as high as 110. As is knoy 
] 


i 
decrease in water content will decrease the flow-table reading to , 
certain point, which we will term the minimum flow, beyond whi 
further decrease in water content will cause increase in flow reading: 
Thus, two mixes with very different water contents may giv: 
flow readings, one of the mixes being fairly wet, the other 
dry mixes are indie: ted in table 2 

Most of the mixes used could be finished readily by hand floating 
and troweling. In some cass 7 however, diffie ulty Was een 
especially where there appeared to be an excess of coarse aggregat 
insufficient sand for exam] le, spe cimens 51 and 52. The a mo 
floating and troweling necessary in such cases sometimes brought t fre 
water to the surface (slabs 93, 94, and 95). The wetter mortar mixes 
also showed surface water, especially if troweled too soon (slabs | 
24,30). Although excess water was not the only cause of poor \ 
resistance, its appearance on the slabs, as noted in table 2, usually was 
followed by poor wear resistance in the D1 test, for example, slabs 24 
30, 93, 94, and 95. 

Figure 3 shows the total depth of wear, after completion of tests 
D1, Al, and A2, plotted for mortars and are of various propor- 
tions and the C/W ratios in which sand A or C, with or without fe i 
¥-in. gravel, was used. For any p urtic < ar mix proport ions the dey 
of wear decreases in general with increasing C/W ratios. For exam 
the 1:2 mortar shows a decrease from 0.048 to 0.014 in., as the C 1 
ratio is increased from 2.05 to 2.82. For the slabs containing eraye 
there is also a decre: ASC, though relatively smaller. 

For a particular WwW ratio the total depth of wear of the morta 
mixes, in three ak of five cases, decreases considerably as the pro- 
portion of the sand increases, in the other two cases showing little 
change (fig. 3). For the mixes containing gravel the depth of we 
is lowest for the 1:1.5:2 mix. For both sand C and sand A the depth h 
of wear increases as the gravel mixes become leaner in cement. The 
1:2 mix, C/W=2.26, showed about twice the depth of wear obtained 
on the 1:1.5:2 mix of the same C/W ratio; however, by raising the 
sand-cement ratio of the former to 2.5 and keeping C/W=2.26, the 
depth of wear is decreased to about that for the latter. A similar 
comparison may be made between the 1:2.5 mortar and the 1:2:3 
concrete for C/W=2.05. Here the replacement of one-half part of 
sand by three parts of %-in. gravel decreases the depth of wear by 
almost 40 percent, though the cement content is halved. Thus, it 
appears that wear resistance depends both on proportion of aggre- 
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gate and on the C/W ratio, and that the drier the mix, within certain 
limits, the higher th e resistance to w ear. 

That the decrease in depth of wear is not due merely to the presence 
of coarser brie such as gravel, is shown by the fact that a 1:2 
mortar can be made dry enough so that the depth of wear will be equal 
to or less than that of the mixes containing gravel. For example, 
the 1:2 mix, C/W=2.50 (table 2, slabs 11 and 12) gives about the same 
tal depth of wear as some faa with gravel, such as slabs 46, 61, 
nd 62. <A still drier 1:2 mix, C/W=2.82 (slab 21) gave lower total 

pth of wear than any other, except those — special finishes, such 

slabs 36 and 49. 

For most of the mortar mixes the depths of wear in tests A/ and 

were more nearly equal than for the mixes containing coarse 
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' wear for mixes of various proportions and C/W ratios. 


All slabs trowled 4 hr or less after placing. 


aggregate. For example, for slabs 75 to 78 and 80 to 85, which do 
not contain coarse aggregate, the A2 wear was never less than 75 
percent of the A/ wear, the average value being 92 percent; for slabs 
86 to 95, containing coarse aggregate, the wear in the A2 test varied 
from 50 to 78 percent of the z Al wear and ave raged 61 percent. 
ae ligher flow values were generally obtained with aan C for equal 
/W ratios and mix proportions than with the finer sand, A. The 
ellect on wear resistance of these sands is readily dis se guished by 
ise of the apparatus. The slabs with sand C generally showed greater 
wear for equal C/W ratios than those with sand A, as shown in figure 3. 
in some cases, how ever, there is little difference in either flow or ay 
due to the use of different sands, as for the 1:1:2 mix, C/W=2.51 
slabs 46 and 86). The greater wear for some of the coarser se 
184373—39——2 
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mixes is probably caused by difficulty in finishing, causing water {, 
be brought to the surface as shown by slab 91 compared with slab 69 
and slab 93 compared with slab 66. The mixes with gravel and th. 
coarser sand require a higher proportion of sand for proper finishing 
so that a 1:2:3 mix (slab 92) is preferable to a 1:2:4 mix (slab “eh 

The mixes with gravel only, such as a No. 8 to \ in. or a ¥, to ¥| 
showed comparatively little wear (slabs 22, 23, 29, 44). Slab 16 of 
1:2 mortar, made with a sand all retained on the No. 16 sleve (san( 
D), showed very slight wear. With such an aggregate, the wate 
content can be reduced to that corresponding to C/W=2.82. At the 
other extreme, a mortar with sand £ all passing the No. 30 sieye 
showed fairly high wear. 

For minimum wear it thus appears necessary to limit the amounts 
both of fine and of coarse aggregate as well as to limit the amount of 
water in the mix. High w ear resistance may be secured by using , 
very dry 1:2 mortar, but it is more economical to replace a part of 
the sand with a greater weight of coarse aggregate For instance, i 
one-half part of sand in a 1:2 mix, as in slab 12, 1s replaced by two 
parts of 4%- to %-in. gravel (slab 58), the resulting mix is prac tically a 
easy to place beer finish as the first and shows less wear. 


(b) TYPE OF AGGREGATE 


Five slabs made with limestone or ‘‘trap-rock” aggregate showed 
somewhat greater wear than the corresponding slabs mage with the 
Potomac River aggregate; compare specimens 20 and 22, 55 and 57 
53 and 94. This 1s probably due in part to the fact that the slabs 
with the crushed aggregates were more difficult to finish because of 


the irregular shapes of the aggregate particles, or required more 
mixing water in order that they might be finished satisfactorily. 


(c) FINISHING PROCEDURE AND DUST COATS 


Table 2 shows the large differences in wear which were caused bj 
varying the finishing methods. 

The tests show that with few exceptions the depth of wear is 
reduced by leaving the surface undisturbed as long as possible (fig 
1) or by applying such mixtures as will cause the surface to be drie 
or to be richer in cement than the subsurface (fig. 5). It has already 
been shown that the drier mixes show the least wear. The greatest 
increase in wear resistance which can be brought about by delayed 
troweling is generally in that portion of the slab nearest the surface, 
as shown by results for the D1 test, figure 4. A single delayed trowel- 
ing appears to be more effective than two trow elings. 

It is commonly believed that “‘fines,’’ brought to the surface by 
troweling excessively or prematurely, are the cause of ‘dusting.’ 
The poor wear resistance of the wetter mixes appears more likely to 
be caused by water brought to the surface in finishing, since the 
addition of fines in the form of dust coats containing cement greatly 
reduces the depth of wear. The use of a dust coat also enables easier 
and earlier finishing in some cases, as for slab 68 compared with slab 
67. The reductions in depth of wear effected by the use of dust coats 
are considerable in all three tests, as seen in figure 5. The dust coats, 
even when troweled into the surfaces immediately after placing, 
reduced the depth of wear; but greater reductions were obtained by 
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Ficure 4.—Effect of time interval between placing and troweling. 


Test Di=§ min, no abrasive. 
Test Al =1st 10 min with abrasive 
Test A2=2d 10 min with abrasive. 
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coat finishes. 


Test D1=5 min, no abrasive. 

Test Al=\1st 10 min with abrasive. 

Test A2=2d 10 min with abrasive. 

%1% lb cement per sq {t—slab badly crazed. 
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delayed troweling. (Compare slabs 11, 17, and 18, in table 9 
figure 5.) However, a ‘a amount of cement dust coat, as on clo} 
32 (1% lb/in.*) resulted in prot rounced crazing. 

Slab a ‘coated with 0.9 ib of metallic aggregate mixture per 
foot of surface, showed the least wear of all slabs tested. 

Dust scale of sand alone (net reported in table 2) or of fine sili 
carbide mixed with cement, used on slab 19, did not bond well 
rubbed off easily. The same was true of the metallic aggreg: 
aining 8 percent of oil by weight used on slab 38. 

(4) CEMENTS AND CURING CONDITIONS 

Slabs 69 to 77 were made for the purpese of co 


of different cements and different curing 
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Ficure 6.—Depths of wear for different cements and various damp-curing perio 
All slabs were made with a 1:2 mortar, C/W=2.50, troweled 2 hr after placing. For drying period 
dam p-curing, see table 2, Nos. 70 to 77 

previous tests had indicated that mortar is more suitable for thi 
— se than concrete because mortar shows comparatively great 

ar. To minimize any effect due to troweling, a fairly dry mi 
(1:2, ( '/W=2.50), with sand B, was used in these tests. After th 
various damp- curing periods, the specimens were allowed to dry 
indicated in table 2 

The results for this series are shown in figure 6. The values for the 
cement with the higher Fe,O; content (No. 69) are rather close to 
those for the periland cement with less Fe,O; and were therefor 
omitted for clarity of the figure. Vithout damp-curing, the slabs 
made with the “normal’’ cement showed low wear resistance. Damp- 
curmg for only 2 days caused a considerable reduction in ing . 
wear—about 60 percent in the D/ test, 40 percent in the A/ test, 
percent in the A2 test, and about 40 percent for the total dep eo 
all three tests. Continued damp-curing caused further reductio 
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+ 6 days the reduction in total depth of wear was about 55 percent 
after 60 day s, about 75 percent. 

The slabs made with the high-early-strength cement showed better 
wear resistance when not damp-cured than did the slabs with the 
“normal”? cement damp-cured as much as 6 days. Although damp- 
oyring improved the mortar made with the high-early-strength 
cement, wus ‘uring was not as necessary as for the slabs made with 
the “normal’’ cement. 

Specimens me ade with the normal cement and not damp-cured 
Nos. 13, 73, an d 79) showed low wear resistance in the D2 test com- 
nared with that in the D1 test, as seen in table 2 for slabs 13 and 79 
For damp-cured specimens the D2 test generally indicated much 
i\icher wear resistance than the D/ test, as for slabs 78, 84, 90, and 93. 
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Ficgure 7.—Effect of liquid surface treatments. 


slabs were troweled 2 hr after placing. All surface treatments were applied when slabs were 28 days old. 
Test Di = 5 min, no abrasive. 
Test = Is t 10 min with abrasive. 

Test 42 = 2d 10 min with abrasive. 


The wear resistance in the D2 test was also poor for slab 30, made of 
wet 1:3 mortar. The D/ test values gave an approximation of the 
extent of damp-curing under these test conditions when a normal 
cement was used. Thus, for slab 73, with no damp-curmg, 64 g of 
dust was abraded in the D/ test, whereas for the corresponding slab, 
74, with 2 days dsmp-curing, only 27 g of dust was abraded. 


(e) LIQUID SURFACE TREATMENTS 


Kighteen slabs of 1:2 mortar were given liquid surface treatments. 
All of these slabs were duplicates of other slabs which had been tested 
without surface treatments. Ten of these were damp-cured for 6 
days and eight were stored in the laboratory. All were treated at the 
age of 28 days. 

Kigure 7 shows the depths of wear for the treated slabs m the DJ, 
Al, and A2 tests in comparison with the depths of wear of untreated 
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slabs. The tests show that the liquid surface treatments did yo; 
produce a significant increase in wear resistance of damp-cured sla}. 
but produced an improvement in slabs that had not been damp. 
cured. ‘The application of water instead of the solution reduced thy 
total depth of wear to some extent. 

The series of half-minute tests, without abrasive, was made ty 
determine the depths to which the surface treatments were effective 
The results, given in figure 8, show that with three exceptions th. 
greatest weight of dust was removed during the second or third half. 
minute test. The damp-cured specimens, as a group, showed |e 
wear than those not damp-cured, and the slabs treated with map. 
nesium fluosilicate showed the least wear in each group. 
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Figure 8.—Effect of liquid surface treatments. 


All slabs were made with a 1:2 mortar, C/W = 2.26, troweled 2 hr after placing. The amounts of dust are 
expressed as percentages of the amount of ney et _ slab 100 during the second half-minute test 
(3.0 grams). 


The tests show that in no case did surface treatments compensate 
for lack of damp-curing. The total depth of wear for all these half- 
minute tests was about 0.005 in. for the damp-cured slabs and 0.01 in. 
for those not damp-cured. At these depths the rates of wear in each 
group approached a constant value. 


3. PITTING 


The surfaces of the mortar slabs did not remain smooth after a small 
amount of wear had taken place; nearly all of them were moderately 
to excessively pitted. The various degrees of pitting are illustrated 
in figures 9, 10, and 11, which show portions of the worn surfaces. 
Because of the manner in which the photographs were taken, the 
pitting appears more pronounced than it would under ordinary 
illumination. A surface classed as excessively pitted would probably 
not be acceptable under any condition. ‘Moderate pitting’ would 
ordinarily be acceptable except for especially high-grade work. 
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FiGureE 9. A ppearance of slabs after test, showing degrees of pitting. 


Slab 32, negligible pitting; slabs 29 and 58, slight pitting 
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Pitting may be due to exposure of voids in the mortar or concrete, 
or to actual loosening of particles of aggregate, as observed by Kess- 
lor (S] for some sandstones, in which the grains are comparatively hard 
put poorly bonded. ‘The slabs in which the pitting after the A2 test 
was slight were either dry 1:2 mortars or mixes with gravel in which 
the volume of mixing water was less than 24 percent of that of the 
concrete. Those slabs which were moderately pitted contained 24 to 
98 percent by volume of mixing water. Those excessively pitted in- 
cluded the 1:3% and 1:4 mortars, the mortars with water contents 
exceeding 28 percent, and mortars made with normal cement but not 
damp-cured—Nos. 13, 73, and 79. Generally the mixes which were 
hadly pitted also showed comparatively poor wear resistance. 

Dust coats reduced the degree of pitting, especially when applied 
to mortars; compare slabs 3 and 7; 11 and 17; 30, 32, and 33 (table 2). 
The only slabs in which the pitting was negligible were two to which 
dust coats had been applied (slab 32 with a dust coat of cement, and 
sab 37 with a metallic aggregate-cement dust coat). However, when 
the metallic aggregate contained oil (3 percent by weight), a slab 
No. 38) to which it was applied showed excessive pitting. 


VI. SUMMARY AND CONCLUSIONS 


A portable testing apparatus for producing rapid abrasive wear of 
concrete floor surfaces and a device for measuring depths of wear 
were developed. The apparatus is placed directly on the surface to 
be tested and may be used with or without an added abrasive. 

The test methods were applied in a study of concrete slabs 1 to 2 
in. thick, by 23% by 27% in., and made of mixes varying from a 1:2 
mortar to a 1:3:6 concrete. The C/W ratios, aggregate types and 
gradings, time intervals between placing and troweling, and curing 
conditions were varied. Surface treatments including liquid ‘‘hard- 
eners’ and metallic aggregates were also studied. 

The dependability of the apparatus and method used for measuring 
the wear was determined by computing the standard deviations of the 
wear values. The computations showed that variations between the 
wear values of slabs made in duplicate were of the same magnitude as 
would be expected from the variations in eight individual measure- 
ments made on a single slab, indicating satisfactory reproducibility in 
slabs. The reproducibility of the test results as determined from the 
standard deviations indicated that the difference in wear values ob- 
tained for different slabs was significant and that the apparatus could 
distinguish the effect of variations in mixes, treatments, curing, and 
so forth. 

A 5-minute test under the wearing action of steel disks, without an 
abrasive, shows large variations in wear resistance for various mixes, 
(/W ratios, time intervals between placing and troweling, and treat- 
ments such as dust coats or liquid surface treatments. The weight of 
dust removed in the test varied from 6 to 81 g, and the depth of wear 
from 0.002 to 0.018 in. The slabs showing the greatest wear in this 
test were those upon which excess water appeared on the surface 
during or after finishing. 

After the 5-minute test, the resistance to wear of the subsurface 
was determined by two 10-minute tests with an added abrasive. The 
depths of wear during the first of these 10-minute tests varied from 
0.001 to 0.045 in. 
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Nearly all of the slabs were more or less pitted after the smoq: 
surface had been worn off. The mortars generally showed mon 
pitting than the concretes. . 

The following conclusions may be drawn from the test results: 

1. For the same mix proportions, the wear resistance of concroto 
and mortars is greater for higher C/W ratios. For equal C/W ratios 
wear resistance increases with increasing proportion of aggregates 
to a certain point, depending on the aggregates used, then decreases 
Some mixes which had poor wear resistance at the surface were relp. 
tively more resistant after the surface ‘skin’? was removed. 

The shape of the aggregate particles (rounded or angular 
affects the amount of water required for ease of placing and finishing 
and thus may affect wear resistance of the concrete as much as t 
abrasion resistance of the particles themselves. 

In this investigation, delaying the troweling for 3 or more hours 
after placing the concrete tended to increase wear resistance, especially 
Ta mixes containing no coarse aggregate. 

The wear resistance of many mixes is greatly improved by trowel 
a into the surfaces dust coats of cement, of cement and sand. or of 
cement and metallic aggregate. For example, the slab to which was 
applied a heavy dust coat consisting of a mixture of two parts of 
metallic aggregate to one of cement, by weight, had the highest wea 
resistance of all slabs tested. A dust coat also facilitates finishing 
the surface of concrete made of a lean mix, such as 1:3:6. 

Concrete made with a “normal” portland cement and aged in 
the air without damp-curing may show comparatively poor we: 
resistance; but damp-curing may increase the wear resistance appre. . 
ciably. Where a hig] i- -early-stre ngth cement is used, the damp- 
curing is not as necessary. 

6. Liquid surface treatments, such as solutions of magnesium 
fluosilicate or of water glass, are effective in improving the wear 
meres ance of concrete that has not been damp-cured. 

The use of coarse aggregates, such as gravel, permits reduction 
in ‘the water content of the mixes and helps to reduce pitting. The 
use of dust coats containing cement also helps to reduce pitting, espe- 
cially when applied to lean mixes. 


lle 
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MEASUREMENT OF DIMENSIONAL CHANGES IN 
RUBBER 


By Lawrence A. Wood, Norman Bekkedahl, and Chauncey G. Peters 


ABSTRACT 


The interferometer method for the measurement of small dimensional changes 
is adapted here to measurements on soft rubber. <A detailed pci is given 
neerning the ste paration of specimens, the apparatus, the tee nh and the 
alculations necessary for the application of this method. Particular emphasis 
s placed on the measurement of thermal expansivity and t! rtoeda nsional changes 
involved in transitions between the different forms of racr-tiy The lower limit 
of temperature is set only by the refrigerating liquid, temperatures as low as 
-—185° C being utilized. The upper limit of temperature is set only by the rubber 
itself. “Results obtained in a study of the expansivity and transitions of “st: ark’”’ 
frozen) rubber ere given as an illustration of the application of the method. 

her possible applications are the measurement of the swelling of rubber by 
vapors and the determination of stress-strain relations under compressive 
loads. The chief limitation of the application of this method to rubber arises 
from the plastic flow of unvuleanized rubber at elevated temperatures. The 
method also possesses the inconvenience of requiring continuous observation. As 
compared with alternative methods of measuring small dimensional changes, the 
method possesses advantages arising from its high sensitivity, from the small size 
of the specimens required, from the ease of obtaining temperature equilibrium, 
from the absence of a confining liquid, and from the simplicity of the calculations. 
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I. INTRODUCTION 


The interferometer method for the measurement of small dimen. 
sional changes, previously used for many other materials, has bee; 
adapted in the present investigation to measurements on soft rubber 
This method, which involves the counting of interference fringes of 
light of known wave length, was originated by Fizeau and developed 
by later workers. It has been most frequently applied to the measure. 
ment of thermal expansion. Merritt! has described the principles 
and the procedure which have been commonly followed at this Buregy 
in measurements of thermal expansion by the interference method, 
Measurements have been made on metals,’ glass,’ and ceramie 
materials,* especially at elevated temperatures. 

The interference method has not been hitherto applied, however. 
as far as we are aware, to measurements on any of the various forms 
of rubber, with the single exception of ebonite, or hard rubber.® The 
relatively easy deformation of most kinds of rubber gives rise to prob- 
lems which do not occur in the application of the interferometer to 
most other materials. It is the purpose of this paper to discuss the 
apparatus used and the technique employed in the measurements of 
dimensional changes in rubber and to give consideration to the 
advantages and limitations of the method in its application to rubber. 
Particular emphasis is laid on measurements at temperatures as low 
as that of liquid air for the determination of the expansivity and of the 
dimensional changes and temperatures involved in transitions between 
the different forms of rubber. The method is not limited to measure- 
ments at different temperatures, however. It may be used in any case 
in which the measurement of dimensional changes is required. _ Possi- 
ble applications of this sort are the measurement of the swelling of 
rubber by vapors and the determination of stress-strain relations 
under compressive loads. 


II. PREPARATION OF SPECIMENS 


The specimens, which were placed between the two interferometer 
’ 

plates, usually had a thickness of about 3 or 4 mm. Two different 

types were utilized, the first a set of three small separate blocks ° a few 

millimeters on an edge, and the second a ring about 21 mm in outside 

diameter and about 15 mm in inside diameter. 

The small blocks were cut out by a device consisting of two single- 
edged safety-razor blades fastened on a steel bar, which was mounted 
by means of a hinge arrangement on a wooden base. The spacing of 
the razor blades, which were parallel and about 3.5 mm apart, de- 
termined the thickness of the specimens and made these thicknesses 
very nearly the same. No particular effort was made to obtain 
uniformity in the other two dimensions. After a considerable number 
of specimens had been cut from the same sample, three of them were 
inserted between the interferometer plates, and substitutions of other 

. E. Merritt, The interference method of measuring thermal expansion, BS J. Research 10, 59 (1933) RPSl5. 

2C. G. Peters and H. 8. Boyd, Interference methods for standardizing and testing precision gage blocks, BS 
Sci. Pap. 17, 677 (1922) S436. 

2A. Q. Tool, D. B. Lloyd, and G. E. Merritt, Dimensional changes caused in glass by heating cycles, J. Am. 
Ceram. Soc. 13, 632 (1930); BS J. Research 5, 627 (1930) RP219. ; - 

4G. E. Merritt, Application of the interferometer to measurements of thermal dilatation of ceramic materials. 
BS Sci. Pap. 19, 357 (1924) 8485. 

5H. G. Dorsey, Linear expansion at low temperatures, Phys. Rev. 27, 1 (1908). 


6 C.G. Peters, The use of the interferometer in the measurement of small dilatations or differentia! dilatations, 
J. Wash. Acad. Sci. 9, 281 (1919). 
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specimens were made, if necessary, until there were not more than 10 
;iterference fringes visible across the face of the plate. In this 
manner, three blocks were selected which were of the same height to 
within a few wavelengths of light. 

The ring specimens were cut with a die in an arbor press in the 
manner commonly used in the preparation of specimens for tensile 
sts. In this case, the height of the specimen, of course, was not 
changed by the cutting. Even from ribbed smoked sheet, it was 
found possible by cutting a large number of rings to select satisfactory 


specimens. 

















SECTION B-B 















































SECTION A-A 





























“SCALE 10 CM 
FicurE 1.—Cross section of the apparatus. 


C, removable part of the container; D, Dewar flask; Z, metal tube; F, spherical Dewar flask; G, leather 
gasket; H, arm supporting container; K, glass tube; L, glass tube; M, strips holding support for inter- 
ferometer plates; P, interferometer plates; Q, liquid air; R, rubber specimen; S, flat steel springs holding 
lower interferometer plate in place; 7, thermocouple leads; V, viewing instrument; W, window. 


III. APPARATUS 


A diagram of the major part of the apparatus is shown in figure 1. 
It is essentially the same as that designed by Souder and Peters,’ with 
modifications for work at low temperatures. The rubber specimen, 
R, separates two interferometer plates of clear, transparent fused 
quartz, the surfaces of each of which have been polished optically flat. 
The surfaces of the upper plate are inclined to each other at an angle 
of about 20 minutes in order to separate the reflections of the images 
from the upper and lower surfaces. A finely ground surface on the 


eneie ae and ©, G. Peters, An investigation of the physical properties of dental materials, Tech. Pap. BS 
(1920) T157, 
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bottom of the lower plate avoids undesirable reflection from ,);, 
surface. The upper plate used in most of this work was 2.65 ep 
(1.05 in.) in diameter, 0.635 cm (0.250 in.) in thickness, and weighe; 


7.85 2. The lower plate is held in position on its support by two fly 


steel springs, S, one on each side. The springs are fastened to the 


two strips, Mf, which hold the support. 

A bar, H, the height of which 1s adjustable by means of a rack an) 
pinion not shown, supports the whole assembly. A removab le par 
C, of the container can be screwed to the station: iry part, the a 
being made tight by means of a leather gasket, G. 

The temperature of the specimen is measured by means of a two. 
junction copper-constantan thermocouple placed betw een th e inter e 
ometer plates and almost in contact withthespecimen. The electro. 
motive force of the thermoc ouple i is read by means of a potentiomer et 
The leads, 7’, of the thermocouple pass throu ehasmall hole in they il 
of the container near the top, the opening being sealed with way 
The reference junction is placed in a water bath in a small Dewar flas! 
The temperature of the bath is read on a mercury thermomete; 
graduated to 0.1° C and changes only verv slowly. 

For measurements below room temperature, cooling is effect 
by means of liquid air. A Dewar flask, D, is placed around the cop. 
tainer, C. A glass tube, Z, extends to the bottom of this Dewar an 
to the bottom of a spherical Dewar, F, the liquid-air reservoir. ( 
sures above or below atmospheric applted through glass tube K mak: 
it possible to raise or lower the liquid-air level in Dewar D, and thu: 
contro! the temperature of the specimen. 

For measurements above room temperature, the Dewars are re- 
moved, and a vessel of water or some high- boiling oil is placed around 
container C. This can then be heated by an electric hot plate in whi 
the current can be controlled by slide-wire resistors. 

Experimental observations are made through the glass spe 
W, at the top of the container. The viewing instrument, V, is of t! 
Pulfrich tvpe.8 The source of light is an electric discharge tube con- 
taining helium. When operated from a 10,000-volt transformer, this 
tube emits a spectrum, the effective component of which is the promi- 
nent vellow line with a wavelength of 5876 A. 

The height of each specimen at room temperature can be measured 
by means of some suitable instrument, such as the double-contact 
screw micrometer gage of the type designed earlier by Holt,® who has 
since improved the design of the electric-contact indicator by the sub- 
stitution of a small neon lamp operated from the 110-volt line. Th: 
height of the specimen is obtained in this manner as the difference of 
readings taken on the interferometer plates, first with the specimen ti 
position for measurements and then with the plates in contact with 
each other. 

IV. PROCEDURE 


The specimens must be placed in the apparatus in such a way as to 
make visible a relatively small number of interference fringes and to 
eliminate errors caused by the tilting of specimens. The condensation 
of moisture on various parts of the apparatus necessitates certain pre- 
cautions as the temperature of the specimens is varied. 


*C. Pulfrich, The Abhe-Fizeau dilatometer, Z. Instrumentenk. 13, 365 (1893) + 261 (1898). 
*W. L. Holt, Screw micrometer gages for rubber specimens, BS J. Research 10, 575 (1933) RP549. 
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1. PLACEMENT OF SPECIMENS 


It was found desirable that both types of specimens, before being 
ylaced in the interferometer, have their upper and lower surfaces 
ubricated with finely powdered graphite, such as Acheson No. 2301. 
After a liberal application of the graphite the surface was rubbed on 
, sheet of paper to remove the excess of the lubricant. Direct obser- 
vation With the screw micrometer gage showed that there was no 
appreciable change of the measured thickness occasioned by this 
operation. Lubrication of the surface was necessary, as is explained 
below, in order to avoid difficulties caused by the dimensional changes 
i, the rubber in directions parallel to the interferometer plates. 

After three block specimens of nearly equal height had been selected 
aud lubricated as described, they were placed between the interfer- 
ometer plates, near the edge of the upper plate and equidistant from 
each other. Next it was necessary to determine which of the speci- 
mens had the greatest height. This could be accomplished by pushing 
down gently on the center of the top interferometer plate, and noting 
the direction of motion of the fringes which is necessarily toward the 
point of greatest thickness. 

The highest specimen was next moved toward the center of the 
plates, so that the load supported by that block could be increased 
from about one-third the weight of the upper plate to any desired 
value up to nearly the whole weight of the plate. The increased load 
on the highest block decreased the number of visible interference 
fringes, making the blocks, through the increased load, more nearly 
equal in height. Adjustment was made in this manner until not 
more than six or seven fringes appeared in the field of view. 

It was next necessary to locate the point of contact carrying the 
vreatest load. After a gentle tapping of the container supporting the 
plates, the interference fringe passing through the point of contact 
would remain stationary, while the other fringes would vibrate for a 
brief interval. The viewing instrument then was adjusted so that its 
cross hairs coincided with the point of contact. 

A procedure essentially similar was followed when ring specimens 
were employed. Pressure applied on the top of the upper plate 
indieated which part of the specimen was highest. The ring was 
then moved so as to bring the high part closer to the center of the 
ipper plate. The remainder of the procedure was the same as with 
the block specimens. 


2. ELIMINATION OF ERRORS ARISING FROM TILTING 


This method of making observations at the point of greatest load 
on the block specimens was suggested by J. B. Saunders, of this 
Bureau, who has recently discussed ' the matter with particular 
reference to glass specimens. The method eliminated difficulties 
irising from the tilting of block specimens. Because of the difference 
in thermal expansivity between the specimens and the interferometer 
plates, there must be some relative motion of the surfaces of specimens 
ind plates as the temperature is varied. If the surfaces are well 
lubricated, as by the use of graphite in the present work, this motion 
can take place as uniform slippage. If, however, there is sticking in 


_, J.B. Saunders, Improved interferometric procedure with application to expansion measurements, J. Research 
‘BS 28, 179 (1939) RP1227, 
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at least two specimens at points which are not immediately abhoy, 
each other, tilting of the specimens must occur, with consequen; 
changes in the distance between interferometer plates. Such chanoe: 
of course, lead to false values for the expansivity, since the effectiy, 
height of the specimen varies with the angle of tilt. An analysis of 
the stability of the system shows that a decrease in the angle of ti 
at the specimen which is most heavily loaded, with consequently 
increased angles of tilt at the other specimens, results in a loweriny 
of the center of gravity of the upper plate. Therefore, in actys| 
practice all the tilting will occur at the lightly loaded specimens, an4 
measurements at the point of contact of the most heavily loaded 
specimen will free the data from this error. Tilting of the lightly 
loaded specimens gives rise to a tilting of the upper interferomete 
plate. Such tilting, when it occurs, is evidenced by a change in the 
width of the interference fringes and consequently in the number of 
fringes visible. Thermal expansion alone causes a change in the 
width of the fringes of only the same percentage as the expansion 
itself. Since the expansion amounts to less than 3 percent over the 
whole range of temperature studied in the present work, and since 
changes of this amount in the width of the bands are almost unob. 
servable, appreciable changes in the number of visible interference 
fringes may be ascribed entirely to sticking of the surfaces with 
consequent tilting. 

Sticking of the surfaces of the ring and interferometer plates gives 
rise to deformations producing changes in the effective height of the 
ring, in a manner similar to the tilting of the block specimens. _ In this 
case, however, false values of the expansivity cannot be avoided by 
taking observations at the point of heaviest loading. It is, therefore, 
essential with ring specimens to avoid all sticking by the liberal 
application of lubricant. In some cases a tapping of the container 
was found necessary to bring about slippage. 


3. ELIMINATION OF MOISTURE 


Since the presence of moisture inside the apparatus gives rise to 
difficulties, the container should be closed tightly. The removable 
part, C, was consequently brought up around the specimens and 
screwed tightly in place. It was necessary, of course, during this 
process to avoid severe jolts, which might disturb the interference 
fringes. The joint was next wrapped with several turns of rubber 
tape, so that any water formed by condensation on the outside of the 
container might run down past the joint and not penetrate the 
leather gasket. The container was next evacuated through tube £ 
and then filled with air which had been dried by passage over calcium 
chloride. If this were not done and if, consequently, water vapor 
in appreciable quantity were present inside the container, conden- 
sation would occur on the interferometer plates during warming from 
the lower temperatures, since the plates are then colder than the 
metal parts on which the vapor condenses during cooling. The 
presence of small amounts of condensed vapor on the plates can be 
tolerated, but beyond a certain limit light is no longer regularly 
reflected from the surfaces of the plates, and the field of view becomes 
dark. 





m¢ 
tal 
en! 
ev 
wa 
thi 


Hood 1 Application of Interferometer to Rubber 577 

If the humidity of the atmosphere was at all high, condensed 
moisture collected on the top surface of window W, when the con- 
‘ainer Was kept at the lowest temperature. As a temporary expedi- 
ent, the moisture was wiped off with a bit of absorbent cotton when- 
ever present 1n sufficient quantities to interfere with vision; but it 


was found to be much more satisfactory to reduce the humidity of 


ihe room by an appropriate air-conditioning unit. 


4. CONTROL OF TEMPERATURE 


For measurements below room temperature, liquid air was used 
as the cooling medium. An atomizer bulb of rubber was placed on 
tube K and used to force the liquid air from the spherical Dewar, F, 
through tube Z into Dewar D. By careful control of the level in D, 
the rate of cooling or warming of the specimen could be kept less than 
1° C per minute, a value which it was found desirable not to exceed. 
The fringes passing the cross hairs were counted during both cooling 
and warming. The temperature was observed at the passage of 
every fifth fringe and on some occasions more frequently. The time 
also was recorded so that the rate of cooling or heating could be 
known. The temperature of the specimen, when the liquid-air 
level was brought to within a few inches of the top of Dewar D, became 
very nearly that of the liquid air, values lower than —180° C being 
always obtained after thermal equilibrium. After the minimum 
temperature had been attained, a considerable portion of the liquid 
air was removed from Dewar D by reducing the pressure in Dewar F 
by means of a pump connected to tube K. In this manner, the 
temperature of the specimen was allowed to rise at a controlled rate. 

Before beginning observations at elevated temperatures, the 
bath of water or oil was cooled about 10 or 20 degrees below room 
temperature, and the current in the hot plate adjusted to a convenient 
value. It was found desirable to make as few changes in the heating 
current as possible, ranges of at least 20° or 30° being covered without 
change of the current. The rate of temperature rise decreased, of 
course, over each range. Preliminary runs were used to determine 
the value of the heating current for each range so that the initial 
rate of temperature rise should not exceed about 1° C per minute 
and that the final rate should not be unduly small. 


V. CALCULATIONS 


The essential data obtained during a run consist of the number of 
fringes which have passed the cross hairs, the corresponding voltage 
of the thermocouple, and the temperature of the fixed junction. 
From these one can calculate the change in length of the specimen 
and its temperature. Since the light traverses the space between 
interferometer plates twice, the vertical displacement of the upper 
| plate when one fringe has passed the cross hairs is equal to one-half 
the wavelength. The change in length of the specimen between 
room temperature and any other temperature is obtained, therefore, 
by multiplying the number of fringes which have passed the cross 
hairs by one-half the wavelength. At room temperature the effec- 
tive wavelength of the light used is 0.5876 ». At other temperatures 
the wavelength is different because of the variation of the refractive 
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index of air with temperature. A table of corrections to take go. 
count " of this fact and the method of application are found in the 
paper by Merritt.’ 

The temperatures were read from a large calibration graph, which 
had been prepared from the standard tables for copper-constantay 
thermocouples given in the International Critical Tables.“ Th, 
procedure described there was followed, a comparison between the 
thermocouple and a standard thermocouple being made at the 
temperature of liquid air. 

A few selected lines of typical data and calculated results are showy 
in table 1 to illustrate the method usually followed. Columns 
1, 2, 6, and 7 contain the quantities directly observed. The fourth 
column, “Air correction,” contains values taken from Merritt's 
tables, for the correction for the change of refractive index of air with 
temperature. The seventh column gives the temperature of the 
fixed junction as read on the mercury thermometer. The next 
column gives the corresponding electromotive force obtained from the 
calibration curve of the thermocouple. The sum of this value and 
the potentiometer reading yields the potentiometer reading which 
would have been obtained had the fixed junction been held at 0° (C 
and this sum is shown in the ninth column. 


TaBLE 1.—Typical data and calculations 
Original height of specimen, /2=0.372 cm, 
Wave length of helium line, \=0.5876 pu. 

aa c » - 
alue of sy, 9-790 w/em. 
ey 


j 


| 
Fixed | Thermo- 
| 1 Terr ye j > | ~ouDdle 
w | Potenti- | Temper junc couple | _ 
N fringe | { AL, ex- ameter | ature of | tion corrected 
j ; : ter | . 
| number ' | pansion | fixed 


Time 
j reading 


| | electro- electro 

| junction | motive | motive | 
force | force 

|— = 

Ph , av 

—1,310 23. 6 1, 900 


uV 


— 1, 460 23.6 | 1,900 
| 
| 
| 
| 
| 


11:41 | —283 293.8 diss | —12,620] 24.5 | 1,980 | —10,640 | 


11: 48 —283.7 | 24, 5 —218.1 | —12, 640 24.6 1,999 | —10, 650 


N is the number of fringes which have passed the reference point, the negative value indicating 
traction of the specimen. 


VI. DIMENSIONAL CHANGES IN STARK RUBBER 


The results obtained in a study of frozen rubber illustrate the type 
of work which can be done by this method. The form of frozen 
rubber investigated had a melting point above room temperature 
and has been called stark rubber by Pickles * and by Whitby.” 

The change in dimensions resulting from the melting of a specimen 
of stark rubber is shown in figure 2. The sample, for which we are 

11C, G. Peters and C. S. Cragoe, Thermal dilatation of glass at high temperatures, BS Sci. Pap. 16, 449 
(1920) $393. 

12G. E. Merritt, The interference method of measuring thermal expansion, BS J. Research 10, 59 (1935 
RPS5I5. 

i3 L. H. Adams, Int. Crit. Tables 1, 58. (McGraw-Hill Book Co., Inc., New York, N. Y., 1926). 

48.8. Pickles, The consistency of rubber and rubber compounds, India Rubber J. 67, 69 (1924). ’ 

18 G. S. Whitby, chapter 2, Physical Properties of Kaw Rubber, in Davis and Blake: Chemistry an¢ 
Technology of Rubber, p. 102 (Reinhold Publishing Corporation, New York, N. Y., 1937). 





Peers 


inde 
froz 
prox 
mint 
was 
deer 
rate 

T! 
crvs 
sum 
volu 
foun 
for 
expa 
high 


won, Bettedeht) Application of Interferometer to Rubber 579 
indebted to H. I. Cramer, of the University of Akron, had been in the 
frozen state for less than a year. The initial heating rate was ap- 
yoximately 0.4° C per minute and decreased to about 0.16° C per 
minute at the highest temperature. At this point the heating bath 
yas removed and the specimen allowed to cool. The temperature 
decreased at an initial rate of about 0.95° C per minute, and the 
»te diminished to less than 0.1° C per minute at the last observation. 
‘The difference in ordinates of the heating and cooling curves at 
05° C represents the difference in heights of the amorphous and the 
ervstalline forms. It can be read from the graph as 91.5 w/em. As- 
aiming the specimen isotropic, one finds that this corresponds to a 
volume increase of 2.77 percent, a value not very different from those 
found '® at 0° C for rubber which melted near 11° C. The general 
form of the graph is typical of the melting curve of rubber, but linear 
expansivities calculated from the slopes in figure 2 are abnormally 
hich, probably because the specimens were not lubricated during this 
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FIGURE 2.—Dimensional changes during the melting of stark rubber. 


particular run. The importance of lubrication was not appreciated 
at the time of this measurement. 

The results of measurements of the dimensional changes in a differ- 
ent sample of stark rubber over a large range of temperatures are 
shown in figure 3. We are indebted to G. S. Whitby for furnishing 
the sample, which had been in the frozen state for 25 years (from 1913 
to 1938). 

The specimens were cooled from room temperature to that of liquid 
air. They were allowed to warm up nearly to room temperature, and 
electric heating was then applied. The melting range in this case 
began at about 40° C, but observations could not be continued above 
43° C, because at this point permanent deformation of the specimens 
under the weight of the upper plate occurred. 

In figure 3 the circles represent experimental points obtained when 
the temperature was changing at a rate of less than 1° C per minute. 
Under these conditions it is thought that the difference between the 
actual effective temperature of the specimens and that indicated by 


N. Bekkedahl, Forms of rubber as indicated by temperature-volume relationship, J. Research NBS 13, 
411 (1934) RP717. 
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the thermocouple is negligible. This is shown by the good agreemon; 
between the values obtained as the temperature was increasing (gy; 
circles) and the values obtained as the temperature was decreasins 
(open circles). Observations made when the temperature was chane. 
ing at a rate greater than 1° C per minute are shown as dots. Under 
these conditions a difference between values obtained with increasins 


and decreasing temperatures can be seen. 
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Figure 3.—Dimensional changes in stark rubber. 


The same data in the interesting region from —54° to —84° C have 
been plotted on a much larger scale in figure 4 to show the transition” 
of the second order near —70° C. The linear expansivity from —71° 
to —84° C is read from the graph as 77X10~* per degree, while the 
linear expansivity from —67° to —54° C is found to be 175X10" 
per degree. These ranges of temperatures are, of course, insufficient 
to show the continuous variation of expansivity with temperature. 
The variation is evident over the larger ranges shown in figure 3. 


onan Forms of rubber as indicated by temperature-volume relationship, J. Research NBS 13, 4! 
) 717. 
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yw. ADVANTAGES AND LIMITATIONS OF THE METHOD 


The interference method of measuring dimensional changes in 
rubber possesses certain advantages as compared with other methods, 
and, of course, certain attendant disadvantages. There are, in 
addition, certain limitations which restrict its use. The advantages 
and limitations will now be compared with those of the chief alterna- 


tive methods. 
1. DIMENSIONAL MEASUREMENTS 


If there is reason to think that the rubber specimens are not iso- 
tropic, some method, such as the interference method, by which one 
can measure separately the three linear dimensional changes, is 
required. Any method involving merely the measurement of volume 
changes would give insufficiently detailed information about the 
changes in different directions. 


@ INCREASING TEMPERATURE 
© DECREASING TEMPERATURE 


64 -80 -76 -72 -68 -64 -60 - $6 -S2 
TEMPERATURE , & 


FicurE 4.—Dimensional changes in stark rubber passing through a second-order 
transition. 
This is a part of figure 3 shown on a larger scale, 


2. SIZE AND SHAPE OF SPECIMENS 


The interference method has been found more satisfactory for 
rubber than other familiar methods for linear measurements, which 
require a specimen in the form of a rod and which measure expansions 
by means of a dial gage,'* ' optical lever, or similar arrangement. 

The interferometer specimens are very small and can easily be 
cuttoshape. In spite of the small size of the specimens, the sensitivity 
of the method is quite great, since measurements of changes of length 
are made by comparison with the wave length of light. In the other 
methods the specimens need to be much larger and must be formed or 
molded to a particular shape. 


—————— 
' Py and W. T. Sweeney, Thermal expansion of magnesium and some of its alloys, BS J. Research 
» 771 (1928) RP29, 

2 = Bekkedahl, Forms of rubber as indicated by temperature-volume relationship, J. Research NBS 13, 411 
1934) RP717. 
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3. FORCE ON SPECIMENS 


Most of the methods used for linear measurements exert som, 
constraint on the rubber, either from the measuring mechanism op 
from the means of support. In the case of the interference method, jh 
lateral constraint from the support is made quite small by the lubrica. 
tion with graphite, but the vertical constraining force on the specimen 
due to the weight of the upper interferometer plate is, of course. of 
appreciable magnitude. This force is constant for a given plate an 
is of known size. Moreover, by the use of different plates, the force 
may be altered. Satisfactory plates weighing considerably less thay 
1 g can be made. ; ” 

4. PLASTIC FLOW 


Plastic flow of the unvulcanized rubber was not observed at the 
lower temperatures and did not occur until temperatures somewhat 
above 40° C were reached. The temperatures at which the plastic 
flow began varied somewhat from sample to sample but could be 
located in each case within at least half a degree. Plastic flow made 
interference measurements impossible on unvulcanized rubber at 
higher temperatures. With vulcanized rubber no temperature limit 
set by plastic flow was observed in a series of measurements whit 
extended to 100° C. No type of linear-expansion measurement can be 
free from the limitation caused by plastic flow, when it occurs. Hoy. 
ever small the constraining forces, this effect will occur at the higher 
temperatures even under the weight of the specimen itself. 

If the rubber is isotropic, methods which measure volume change 
can be utilized and are necessary in cases where there is a possibility 


of plastic flow. A dilatometer with confining liquid has been used * to 
measure volume changes in rubber and is probably the most important 
alternative to the interference method. Here plastic flow is greatly 
reduced and, even when it occurs, does not alter the volume. The 
method can thus be used for unvulcanized rubber at higher tempera- 
tures. 


5. CONFINING LIQUIDS 


The interference method requires no confining liquid in contact 
with the rubber and is free from difficulties arising from the presence 
of the confining liquid usually necessary in a volume dilatometer. 


None of the common liquids which are thought to be without] 


swelling action on rubber remain liquid much below — 100° C, and, in 
actual practice, work using a confining liquid has been limited to the 
range above —85° C because of the excessive viscosity of those liquids 
which do not actually crystallize above —100° C. The interference 
method is free from this temperature limitation, and measurements 
have been continued to temperatures as low as that of liquid air. 
With certain modifications of technique, the temperatures might be 
carried still lower to limits set only by the refrigerating liquid. 
Furthermore, it has not been established that the presence of a 
confining liquid, even one which does not swell rubber appreciably, is 
completely without influence on the occurrence of transitions. For 
example, there seems to be evidence * that the presence of acetone 


20 N. Bekkedahl, Forms of rubber as indicated by temperature-volume relationship, J. Research NBS 13, 4ll 
(1934) RP717. 
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its the second-order transition normally occurring near —70° C, 
or at least lowers the temperature at which it occurs. 
Other disadvantages of a confining liquid are the constant possibility 
fevaporation during a run, and the difficulties caused by the libera- 
ion of dissolved gases, as the temperature is raised. Usuaily, if a fair 
jezree of sensitivity is required, ranges of not more than 30° or 40°C 
nan be covered without the addition or removal of liquid. 


6. TEMPERATURE EQUILIBRIUM 


In comparison with other methods for either linear measurements 
or volume measurements, the specimens used in the interferometer 

re quite small. ‘Therefore, in addition to the resultant economy of 
ml naterial, there is the advant age that the attainment of temperature 
quilibrium throughout the rubber is relatively rapid. Consequently, 
changes of temperature can safely be made much more rapidly than 
in cases Where large specimens are used, when the attainment of 
equilibrium is delayed by the relatively poor thermal conductivity of 

nibber. The expansivity over the range of temperatures from that of 
quid air to room temperature can therefore be measured by the inter- 
ference method in a single working day. With some of the other 
methods, observations must extend over several days. For dimen- 
sional changes of such nature as to require more than 1 day for com- 
pletion, such as might occur during swelling and freezing, the 
interference method is not so convenient, since it requires continuous 
observation. 

This inconvenience might be removed by adopting photographic 
recording # or a different interference method involving the use of a 
block of fixed height and the counting of the number of interference 
fringes between two marks rather than the counting of the number of 
fringes which pass a given mark. 

Because of the relatively rapid attainment of temperature equilib- 
rum in the interference method, it is convenient to carry out meas- 
ements with decreasing temperatures as well as with increasing 
temperatures. Thus, any permanent distortion is immediately 
obvious. 

7. CALCULATIONS 


The calculation of expansivities from interference measurements is 
considerably simpler than from volume measurements. In the latter 
case, for example, it is necessary to take account of the expansion of 
the glass bulb and of the confining liquid, as well as to make correc- 
tions for the temperature of the exposed stem. The different amounts 
of confining liquid necessary for different temperature ranges further 
complicate the calculations. 

The interference method introduces no discontinuous intervals of 
temperature into the calculations. As shown by figures 2 and 4, it 
can give results of considerable detail in studies of the nature of a 
transition. 


Wasuinaton, September 1, 1939. 


LT 
"F,C, Nix, A vacuum interferometric dilatometer with photographic recording, Phys. Rev. 55, 606A (193%)s 
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COSMIC-RAY OBSERVATIONS IN THE STRATOSPHERE 
WITH HIGH-SPEED COUNTERS 


By Leon F. Curtiss, Allen V. Astin, Leroy L. Stockmann, and Burrell W. Brown 


ABSTRACT 


By a modification of a method! reported previously, observations of cosmic-ray 
intensity at high altitudes have been made. 
A Neher-Harper circuit has been used with relatively large Geiger-Miiller 
unters so that 2,000 to 3,000 counts per minute could be recorded by means of 
ndlo equipment sent aloft attached to free balloons. The counters were stand- 
ardized in terms of the radiation from 1 mg of radium at a distance of 1 m, and the 
maximum cosmic-ray intensity was found to be 0.55 percent of this intensity. 
This maximum was found to occur at an atmospheric pressure of 60 millibars. 
\ very low intensity at pressures of about 5 millibars, reported in the previous 
per, was not observed in any of the 15 ascents in w hich the data reported in the 
resent paper were obtained. 
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I. INTRODUCTION 


In a previous paper ? results were given of cosmic-ray observations 
in the stratosphere, using small, low-speed Geiger-Miiller counters. 
The counters were carried aloft by sounding balloons, and the counts 
were broadcast to a receiving station on the ground by a radio trans- 
mitter also carried by the balloons. The active volume of each 
counter was _approximately 1 cm’, and the counting rate at the alti- 

tude of maximum intensity was approximately 60 per minute. Since 
- counting rate on the ‘ground was less than one per minute and 
since the time required for the equipment to reach the altitude of 
maximum counting rate was only 90 minutes, the results were subject 
to considerable statistical fluctuation. 

‘Phys. Rev. 58, 23 (1938). 
'L. F. Curtiss, A. V. Astin, L. L. Stockmann, B. W. Brown, and S. A. Korff, Phys. Rev. 53, 23 (1938). 
585 
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In the present investigation the size of the counters hag beg 
increased to give approximately a thirtyfold gain in counting rat 
This increase was sufficient to make the curves of counting rate ine 
pressure comparable in smoothness to those obtained from observa. 
tions with ionization chambers. The great advantage of the coun ar 
method over the ionization chamber for cosmic-ray exploration of th 
upper atmosphere is that the balloons do not have to ber recovered jy 
order to obtain the data. 

A further improvement in the present investigation over earljo 
work has been the standardization of each counter in terms of gamny 
radiation from radium. 


A 


II. DESCRIPTION OF BALLOON EQUIPMENT 
1. COUNTERS 


The general construction of the Geiger-Miiller counter tubes use: 
in this investigation may be seen in figure 1, which shows a typi l 
tube. The outer electrode, or cathode, is a copper tube about 1 em 
diameter and 16 cm in length. The anode is a No. 42 steel wire with 
glass sleeves at the ends to serve as guards, after the manner described 
by Cosyns and de Bruyn.’ 

To secure a broad and level plateau, it has been found necessary to 
clean the electrodes by sputtering. The treatment employed jis , 
modification of the method described by Diffenbach, Lifshutz, and 
Slawsky.* 

The electrodes are connected to a transformer adjusted to produce 
a steadv glow between the electrodes in an atmosphere of hydrogen 
at a pressure equivalent to a few millimeters of Hg. The hydrogen 
is changed frequently and the sputtering permitted to continue for 
from 12 to 24 hours. Care must be taken during the sputtering to pre- 
vent a deposition of metal on the glass surface so that the insulatio 
may not be ruined. 

After sputtering, the counters are filled and sealed with a mixture of 
about 10 parts of argon to 1 part of hydrogen at a pressure of approxi. 
mately 6 cm of Hg. The counters so treated and filled require about 
575 volts for their operation and have an approximately constant 
counting rate for any voltage, either higher or lower, within 50 volts 
of this value. 


2. INTEGRATING CIRCUIT 


The wiring diagram of the amplifier and integrating circuit associ- 
ated with the counter is shown in figure2. The pulses from the coun 
ter are fed to a high-speed stage of the Neher-Harper ° type. 

The major purpose of this stage is to restore rapidly the counter to 
its normal state. The second stage serves to level the pulses, since 
those coming from the first stage may have widely different mazui- 
tudes. The tube is arranged for a sharp cut-off, so that all input 
pulses, regardless of their magnitude, give the same output signal, 
The third stage rectifies the pulses and the rectified current charges 
the capacitor, C4. When the charge on C4 is sufficient to flash the 
neon tube, N, a signal i is transmitted through the final stage, actuating 

4 Acad. roy. Belg., Bul. classe sci. 20, 271 (1934). 


4 Phys. Rev. 52, 1231 (1937). 
§ Phys. Rev. 49, 940 (1936). 
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Geiger-Miiller tube counter used with radio-balloon equipment. 
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she relay, Z. The relay is arranged to key the radio transmitter. 
The flashing voltage of the neon tube and the size of capacitor C4, 
s< well as the magnitude of the leveled pulses, determine the number 
of counts or discharges in the Geiger-Miiller tube necessary to ac- 
vate the relay. This number has varied from 35 to 100 in the 15 
nits that have been used for stratosphere soundings. 


jescribed by Johnson,® is essential to prevent a large increase in the 
eying rate of the transmitter when the counting rate is stepped up. 
This is because of speed limitations of the ground recording system. 
In the earlier work of the authors with low-speed counters the inte- 
vating circuit was not essential. It was found that with the ampli- 
‘ving and integrating circuit of figure 2, higher counting rates could 


be handled than could be provided with counters of the size described 


























Figure 2.—Wiring diagram of integrating circuit used with tube counters. 


G=tube counter N=neon lamp 

( 1001 uf RF, =20 megchms B\=6 volts 

C:=0.0001 yf R2=5 megohms B.=12 volts 

C3 01 uf R3=1 megohm B3= 22.5 volts 

C;=0.01 yf. Ry=1 megohm B,=90 volts 
Rs=20 megohms Bs=135 volts 
Fe=10 megohms 


in the previous section. Accordingly two counters were connected 
in parallel, thus approximately doubling the counting rate. 

The characteristic of a typical counter and its associated circuit as 

function of voltage applied to the counter is shown by figure 3. 
The fact that the counting rate is constant over a 95-volt range shows 
that not only does the counter have a satisfactory plateau but that the 
leveling stage of the amplifier is operating satisfactorily. Tests of 
the linearity of the integrating circuit have been made in three differ- 
eut Ways with equally satisfactory results in each case. With differ- 
ent intensities of radiation applied to the counter, the flashing rates 
have been compared to the counting rates of a Cenco counter con- 
nected directly to the output of the first stage of the amplifier so as to 
record the impulses of the counter directly. The number of impulses 
per flash was the same for all counting rates tested. The second 
est consisted in placing radium samples of different known intensi- 
lies at a fixed distance from the counter tube. The ratios of the differ- 
ences In counting rates were the same as ratios of the differences in 


———————_. 


' Phys, Rev. 58, 914 (1938). 
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strengths of radium sources. The third test involved a fixed quantity 
of radium at different distances from the counter. The ratios of ths 
differences in counting rates coincided with the expected difference: 
from inverse-square law calculations. 





12+ 
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450 500 550 600 
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Ficure 3.—Operating characteristic of typical counter showing variation of counting 

rate with applied voltage. i 





The resolving time and maximum counting rate of the circuit were 
determined by the method suggested by Schiff.’ 

In figure 4 the solid line shows Schiff’s theoretical curve of counting 
rate, (N/7’), times resolving time, (7), plotted against the ratio of total 
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Ficure 4.—Efficiency characteristic of counter circuit. 
N=Total number of pulses counted in time T. 


No=Total number of pulses in counter in time T’. 
t= Resolving time of circuit. 
particles through the counter, (No), to the number recorded by the 
counter, N. The maximum counting rate occurs when No/N=e and 
the resolving time is determined from the value of the maximum, 
NrT/T=1/e. The circles show the experimental points which wer 


’ Phys. Rev. 50, 88 (1936). 
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FIGURE 6.—Amplifying and integrating assembly. 
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obtained by observing the counting rates when radium sources of 
diferent known intensities were placed at a fixed distance from the 
counter. ‘The values of No were fixed from the lower counting rates 
where a linear relation was observed between counting rate and inten- 
ity of the source (after allowing for the blank counting rate). Theory 
and experiment show the maximum counting rate at the same value 
of N)/N, but differ in other respects, as shown in the figure. These 
differences might occur if the resolving time, 7, were not constant, as 
was assumed by Schiff. The value obtained for 7 from this set of 
data was 9X107~* second. In the observations on cosmic rays the 
counting rates never exceeded a value for N7z/T7 of 0.05, for which 
values No/N was unity, within a few percent. 


3. BAROGRAPH 


The barograph used in this investigation was of the same type as 
that used in the earlier work and has been described in detail else- 
where.2 The sensitive element of the barograph was a small aneroid 
capsule of copper-beryllium alloy. The revolving contact arm of the 
barograph was driven by a small impulse-type motor which was 
adequately powered by a 1}-volt ‘‘pen-light’”’ battery. Pressures 
could be determined to within +2 millibars over the range of pressures 
1,000 to 5 millibars. The possible error due to temperature variations 
of the barograph has been carefully investigated and found to be less 
than the precision of reading over the entire range. 


4. RADIO TRANSMITTER 


The radio transmitter was also the same as that used in the earlier 
work. It consisted of two type 30 tubes in push-pull oscillating at 
55.5 megacycles and powered by a 135-volt plate supply. Keying 
was accomplished by short-circuiting a cathode biasing resistor. The 
resistor was sufficiently large so that the circuit would not oscillate 
unless the resistor were shorted. Consequently, the transmitter was 
silent except for the relatively short times of keying, an important 
factor in keeping the battery requirements at a minimum. 


5. BATTERIES 


The voltage supply for the counter (B45, fig. 2) was obtained from 
Eveready X-180 units. Each one of these units supplies 45 volts 
and weighs but 2 ounces. The plate voltage for the tubes of the am- 
ue as well as for the transmitter, was obtained from Burgess V40 

lunits. Each of these units furnishes 45 volts and weighs about 3.5 
ounces. The filaments of all tubes required 2 volts for their opera- 
tion, which was obtained from ordinary flashlight batteries. It was 
found most convenient to connect two filaments in series and heat 
them with the current from three flashlight batteries in series. 


6. ASSEMBLY 


The assembled balloon equipment is shown in figure 5. The four 
tubes of the amplifier and integrating circuit, a separate view of which 
is shown in figure 6, are in the center of the picture. The plate-supply 


ee 
' Phys, Rev. 58, 23 (1938); J. Research NBS 22, 97 (1939) RP1169. 
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batteries for these tubes, as well as for the transmitter, are just behi; nd 
them. In front of the amplifier are the neon tube and relay (Z, fig. 9) 
for keying the transmitter. The second counter has been removed 
but is normally installed just in front of the amplifier. Below the 
amplifier may be seen the high voltage supply for the counters, po 
the right of the amplifier is the barograph unit, and to the left is the 
radio transmitter. The antenna and attachment cord to the balloons 
are shown in the upper part of the picture. 

The crate in which the equipment is mounted consists of a balsa. 
wood frame with double Cellophane lining for heat insulation. The 
front and back sides of the crate are removed in figure 5. The interior 
Cellophane surface is lined with black paper, which serves both as q 
heat absorbing surface and as a light shield for the counters. Tests 
on the interior temperatures of such enclosures when in the strato. 
sphere in daytime have shown the temperature to be within +15°( 
of 25° C. 

It was found that moisture enclosed within the frame when the 
crate was sealed frequently condensed on parts of the insulation and 
interfered with the proper operation of the equipment. This trouble 
was eliminated by coating the insulating surfaces well with Superl 
wax and enclosing some calcium chloride in a cheesecloth bag within 
the crate when it was sealed. 

The weight of the completely assembled balloon equipment ready 
for attaching to the balloons was approximately 2,200 g. , 


7. BALLOONS 


The counter equipment and radio transmitter were carried aloft 
by five or six Dewey and Almy latex balloons, model No. 700. These 
balloons have an uninflated diameter of about 4 ft and will expand to 
approximately 19 ft before bursting. The balloons were inflated 
with hydrogen to have a free lift of approximately 600 g per balloon. 
This gave an ascension rate in excess of that normally used in strato- 
sphere soundings, but it has been the authors’ experience that higher 
altitudes are obtained with higher ascensional rates. 

The balloons were attached to strings of different lengths to reduce 
contact of the balloons with each other. This was found desirable in 
preventing both premature and simultaneous bursting of the balloons 


III. GROUND EQUIPMENT 


The receiver used in this work was a commercial 5-meter super- 
regenerative type. A detector tube of the grid current type was added 
to the receiver. In its unexcited condition the regenerative noise of 
the receiver suppressed the plate current of the “detector tube. A 
signal entering the receiver suppressed the regenerative noise and 
caused an increase in the current of the detector tube. The receiver 
was very insensitive to noise, since only a definite pulse of waves of the 
frequency y to which the receiver was tuned would suppress the — 
ative noise and thus release the output current. Ordinary static ws 
quite ineffective, since it mainly added to the regenerative noise. 
The disadvantage of the circuit was that a signal of at least about 
one-tenth second duration was necessary to actuate the receiver. 
This, of course, limits the number of signals per second which the 
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receiver can handle and explains why it was essential to use an 
‘ntegrating circuit on the balloon equipment for high-speed counters. 
The method of actuating the recorder is shown in figure 7. The 
plate current from the detector tube enters at the terminals marked 
“tq amplifier’ and passes to the relay. A signal in the receiver 
increases the current through the meter, \/, and actuates the relay, 
which in turn controls the grid potential of the gas-filled 885 triode. 
The plate current of the 885 tube passes through an electromagnet 
which controls a recording stylus. | 

The complete ground equipment is shown in figure 8. The receiver 
is to the right; the plate-current meter of the detector circuit, the 885 
tube, and the power supply are in the center; and the waxed-tape 
record and recording stylus to the left. Perforated tape, moved by a 
sprocket which is driven by a synchronous motor, is used to secure 
uniform motion of the tape. 
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Figure 7.—Wiring diagram of detector circuit used with superregenerative receiver to 
actuate records. 


V D=25,000 ohm voltage divider 
#A=30 henry choke 
C=8 uf 
R,=0.5 megohm 
Rs— 50,000 ohms 
Rs= 100,000 ohms 


A sample record is shown in figure 9. The upward breaks in the 
horizontal line on the tape correspond to signals received from the 
radio transmitter. The double breaks marked ‘reference doublet”’ 
correspond to regular keyings of the transmitter by the motor-driven 
contact arm. These reference marks are received approximately four 
times per minute. The break marked ‘pressure’ corresponds to a 
keying of the contact arm by a contact point connected to the aneroid 
capsule. The ratio of the distance between a reference doublet and 
pressure signal to the distance between two reference doublets gives 
a measure of the pressure. The narrow breaks in the horizontal line 
marked “cosmic rays’ correspond to keyings of the transmitter by 
the integrating circuit. These signals are readily discernible from 
the barograph signals by both their width and position. The regu- 
larity of the spacing between the cosmic-ray signals is an indication 
of the extent to which the random fluctuations in the individual dis- 
charges of the counter are smoothed out by the integrating circuit. 
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IV. RESULTS 


A total of 15 successful sets of observations were obtained with 
equipment of the type just described, between July and November 
1938. A typical record, which was obtained July 22, is shown jy 
figure 10. The record shows excellent agreement in results Obtained 
during both the ascent and descent of the balloons. The ordinate 
scale shows the actual number of discharges per minute in the coun- 
ters, which for this particular equipment was 48 times the flashing 
rate of the neon tube in the integrating circuit, or 48 times the number 
of cosmic-ray radio signals received at the ground station. The num. 
ber of counts required to flash the neon tube was determined by means 
of a Cenco counter. y 
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Ficure 10.—Data obtained on a single ascent and descent, showing counts per 
minute plotted against the atmospheric pressure in millibars. 








A summary of all the results obtained is given in table 1. Column 
1 of the table gives the date on which the observations were made, 
and column 2 gives the number of counts necessary to flash the neon 
tube of the integrating circuit. Column 3 shows the number of 
counts produced in each set of equipment by 1 mg of radium placed 
1 m from the counters. Although the counters were made as nearly 
alike as was reasonably possible, there are evidently real differences 
in the sensitivities of the counters. These differences are made ap- 
parent by comparing the standard deviation of the values of column 3 
from their mean with the deviation one would expect if an equivalent 
number of observations were taken with a single counter under con- 
stant conditions. The expected standard deviation of a single obser- 
ration of N events, distributed at random (that is, according to 
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IF 1GURE 8.—Complete receiving equipment. 


rregenerative receiver is on the right. The detector circuit operated by the output 
receiver is in the center. The tape recorder is on the left 
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FIGURE 9. -Sam ple of actual record on waxed tape. 
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poisson’s law), is N’?. The total number of events or counts involved 
i: 3,320 X15 5=249,000 (since each of the 15 values in the table 
presents the average over 5 minutes). The expected standard de- 


vation of this value would be 498 for the 75-minute period, which 
would give an expected, standard deviation of 7, in the average count- 
ing rate, per minute. This expected value of 7 for a single counter 
i; so much less than the actual standard deviation, 110, of the 15 
sounters, from their mean that there is little doubt that real differences 
exist in the sensitivities of the counters. 


TABLE 1.—Summary and analysis of observations 
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* Only these values averaged. 
+ Omitting July 22, 1938, average=0.53; standard deviation =0.016. 


In column 4 of table 1 is listed, for each sounding, the maximum 
observed counting rate obtained during the flight; and column 5 
gives the average pressure, in millibars, observed at the time of 
maximum counting. Although the pressure could be read to the 
nearest 2 millibars, the pressure at the maximum counting rate could 
be estimated to only the nearest 5 millibars. The average value of 
the pressure at which the counting rate is a maximum is 58 millibars, 
which corresponds to an altitude of 69,500 ft. The percentage 
standard deviation of the values of column 4 from their average, 4.7 
percent, is only slightly greater than for column 2, 3.3 percent. An 
increase of about this amount is not unexpected because of the in- 
creased uncertainties of measurement. It was hoped that by taking 
account of the differences in sensitivities of the various counters the 
deviations could be reduced. Accordingly, in column 6 are listed 
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the ratios of the maximum counting rates of column 4 to the standay 
counting rates of column 3. These ratios, with one exception, are 
noticeably more self-consistent than the maximum counting fate 
Omitting the data of July 22, the percentage standard deviation of 
the ratios from their mean is less than 2 percent; including it the qo. 
viation is 4 percent. This one ratio is suffic iently out of line with t) 
other 14 values to justify one of two conclusions, (1) something ws 
wrong with the equipment, or (2) the cosmic-ray intensity at ¢ 
millibars was abnormally high on July 22, 1938. There was 1 
obvious inadequacy in the performance of the equipment, as 
evident by referring back to figure 10, which is the record of th 
flight for this date. On the other hand, an examination of recor): 
from other laboratories has shown no departures from normal 
this date of either the cosmic-ray intensity at sea level, or magnet 
or solar phenomena. Accordingly, there is no reason to choose oy 
conclusion over the other. 

In column 7 are shown the ratios of the maximum counting rates 
to the counting at 200 millibars. The consistency of the data of ¢! 
column merely indicates that the curves for all flights, such as shown i 
firure 8, had the same general shape. The agreement would pro! 
ably be still better were it not for the facts (1), that counting rate wos 
changing rapidly with time, and (2), that the counting time was 
extremely short. The data for 500 millibars, which are shown in 
column 8, are very erratic for not only are the counting rates varyir 
and the counting period short, but the counting rate is low and 
apprecisbly influenced by the blank counting rate. 

The blank counting rate represents the spontaneous discharge r; 
of the counter in the absence of radiation. It was determined bs 
observing the counting rate in an iron shield of sufficient thickness 
to absorb gamma radiation and then subtracting from this value the 
number of counts expected from cosmic rays. Kolbérster and 
Janossy ® have estimated the cosmic-ray intensity at sea level as 0.6 
particle per cm? per minute, which value gives 19 counts per minute 
for our counters. This counting rate was then subtracted from th 
counting rates observed in the iron shield, and the remainder corre- 
sponds to the blank counting rates listed in column 9 of the table | 

The minimum pressure attained in each flight is listed in column 
10, and the ratio of counting rate at this pressure to the maximum 
counting rate is given in column 11. The minimum pressures recorded 
in nine of these flights differ by no more than the precision of reading, 
so the counting rates at minimum pressure have been averaged for 
these flights. This gives a counting rate at 10 millibars equal t 
0.82 percent of the maximum counting rate. The very low counting 
rate obtained in one high-altitude flight in our earlier work has not 
been repeated, so it is probable that the earlier data were erratic. 

Inasmuch as the barometric capsules showed uncertainties as large 
as +2 millibars during calibration, the error at 10 millibars may be 
as large as +20 percent. The altitude corresponding to 10 mill- 
bars is approximately 101,000 ft, and the uncertainty in reading the 
barograph means that the actual altitude attained may differ ‘from 
this figure by approximately +5,000 ft. 

An estimate of the ratio of the maximum cosmic- ray intensity to 
sea-level intensity can be obtained by making use of the data of 


* Z. Physik 93, 119 (1935). 
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Kolhérster and Janossy referred to above. These data gave a sea- 
level counting rate of 19 for our counters, which is one ninety-fifth of 
the average value of the maximum counting rate, 1,810 per minute. 
This ratio is not directly comparable to similar ratios obtained by 
ionization chambers because of the directional effect of the counters. 
At sea level, where the cosmic rays are predominantly vertical, the 
effective area of the counters is essentially the product of the length 
and diameter. At high altitudes, however, observations such as 
those made in the stratosphere balloon Erplorer IT !° have shown the 
vertical and horizontal components to be nearly equal. With such a 
directional distribution the average effective area of the counters 
ysed in our work has been found by integration to be very nearly 
50 percent of the effective area to vertical radiation. This means 
that the ratio of our maximum count to ground count—that is, 95 
should be approximately one-half the same ratio obtained by ioniza- 
tion-chamber measurements. 

In the standardization of the counters with gamma radiation the 
radium was placed in the plane of the axis of the counters and at right 
angles to their axis, so that the effective area exposed to the gamma 
radiation was approximately one-half the effective area for vertical 
radiation or very nearly the same as the effective area to nondiree- 
tional radiation. Because of this it is believed that a reliable esti- 
mate of the maximum cosmic-ray intensity has been obtained by use 
of the standardized counters. This gives, as previously shown, a 
maximum counting rate equivalent to 0.54 mg of radium at a distance 
of 1 m. 


WasHINGTON, August 8, 1939. 


1 W. F. G. Swann, C. L. Locher, and W. E. Danforth, Phys. Rev. 51, 389 (1937). 
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PHOTOCHEMICAL DECOMPOSITION OF THE CYSTINE 
IN WOOL 


By Henry A. Rutherford and Milton Harris ! 


ABSTRACT 


The work reported in the present paper is a continuation of earlier work on the 
photochemical decomposition of wool. The data confirm the hypothesis that the 
primary action of the radiation, which results in a change i in the state of the sulfur 
and a corresponding lowering of the cystine content, is independent of the moisture 
nthe system. The results indicate, however, that moisture plays an important 
ae in the secondary process, namely that involving the evolution of hydrogen 
sulfide from the irradiated fibers. It is also shown that decomposition of the 
cystine resulting from thermal reactions under the conditions of these experiments 
is negligible. 
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I. INTRODUCTION 


In two earlier papers on the effect of light on wool [1, 2],? it was 
shown that one of the chief points of attack is the disulfide group of 
the amino acid, cystine. The data suggested that the primary action 
of the radiation is an activation of the disulfide group, resulting in a 
change in state of the sulfur and a corresponding lowering of the 
cystine content. A secondary process, involving the evolution of 
hydrogen sulfide from the irradiated wool, then occurs. The rate of 
the primary reaction, that is, the decomposition of the cystine, 
appeared to be independent of the amount of water vapor in the 
system surrounding the fibers during irradiation. It was believed, 
however, that water might play an important part in the secondary 
reactions. The work reported in the present paper is a continuation 
of the earlier investigation. 

1 Research Associates at the National Bureau of Standards, representing the Textile Foundation, Inc. 
1 Figures in brackets indicate the literature references at the end of this paper. 
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II. EXPERIMENTAL PROCEDURE 


The apparatus, with the exception of a few minor changes do. 
scribed below, and technique of operation were the same as deserjhod 
in detail in an earlier paper [2]. The wool samples were irradiated jy 
specially constructed tubes, in atmospheres of moist and dry nitrogen, 
The nitrogen, which was used as a carrier gas to remove the hydrogen 
sulfide formed during the irradiation, was first freed from oxygen by 
passing it through two towers of alkaline pyrogallol. The emergins 
gas was divided into two portions, one of which was moistened by 
passing it through distilled water, while the remainder was dried over 
anhydrous magnesium perchlorate and phosphorus pentoxide. From 
the drying and moistening towers, the gas passed through the exposure 
tubes and finally into an alkaline solution of bromine for absorption 
of hydrogen sulfide. The smooth elliptical aluminum reflector, used 
around the lamp and exposure tubes in the original apparatus, was 
replaced by a corrugated reflector in order to insure a more nearly 
uniform irradiation of the fibers. A stopcock was inserted between 
the tubes emerging from the drying and moistening towers so that 
both exposure tubes could be supplied with moist or with dry nitrogen 
at the same time. . 

Single-ply wool yarn of very low twist was used for the exposures. 
The yarn was prepared from raw wool which had been extracted with 
Stoddard solvent and washed with water. It was further purified 
by extraction in a Soxhlet apparatus with alcohol and ether, for 6 
hours each, and finally washed with water at 50° C. 


1. EFFECT OF LIGHT ON THE CYSTINE IN WOOL 


Twenty 100-mg portions of the yarn were wound in adjoining layers 
on each of the two hexagonal glass frames. The wool on one frame 
was dried in an oven at 105° C for 3 hours, then rapidly transferred 
to the exposure tube, where it was further dried in a stream of dry 
nitrogen at 90° to 100° C for 24 hours. The exposures were then 
started, dry nitrogen being passed over the dried sample and moist 
nitrogen over the other. During the exposures, the frames were 
rotated as described earlier [2]. After different time intervals, two of 
the 100-mg skeins, one from the top and one from the bottom of each 
frame, were removed from each of the exposure tubes and analyzed 
for cystine by the Sullivan method [3], using the hydrochloric-formic 
acid mixture for hydrolysis, as described by Miller and du Vigneaud 
[4]. The cystine contents of the samples after the exposures are 
shown in table 1. 


TABLE 1.—Cystine content of wool after irradiation in atmospheres of moist and of 
dry nitrogen 





Moist nitrogen Dry nitrogen 
Duration of 
exposure 





Cystine Sulfur Cystine | Sulfur 





| Percent Cc Percent Percent 
13. 2 3. 57 13. | 3. 57 
10. : 10. 
R. 9. : 
j 8. 
6. 
6.¢ 
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2. EFFECT OF TEMPERATURE 


The temperature in the exposure tubes, as measured by a mercury 

thermometer (the bulb of which was covered with a thin layer of wool 
yarn), varied between 65° and 70° C. Since the temperature coef- 
fcient of most photochemical reactions is known to be small com- 
pared with that of most thermal reactions, it is hardly likely that the 
rate of decomposition of the cystine was appreciably affected by this 
small variation in temperature. 
In order to determine whether some of the cystine was destroyed 
by thermal reactions alone during the long exposures, samples of 
wool were heated in the dark in atmospheres of moist and dry nitro- 
ven at 60° and 105° C. An experiment was run at the higher tem- 
perature, since it was conceivable that the temperature on the sur- 
face of the fibers might be somewhat higher than that indicated by 
the thermometer. The wool yarn was placed in glass tubes in an 
oven; and nitrogen, dried or moistened by passing through towers of 
phosphorus pentoxide or water, was passed over the samples at the 
rate of about 3 liters per hour. The nitrogen was preheated to the 
desired temperature, after leaving the towers, by allowing it to pass 
through about 12 ft. of copper coil in the oven. After different time 
intervals, duplicate samples were removed for sulfur and cystine anal- 
yses, the results of which are shown in table 2. 


TABLE 2.—Effect on the sulfur and cystine in wool of prolonged heating in the dark 





| | | ‘ 
| } Total sulfur Cystine | 
Duration | 





Temperature | 





| of heating | 
| 
| 


bt DR 


fo = 99 Spo 


wm 
rorerererery| 


PRN OOP 
10m ROS 





* Untreated wool. 
3. NATURE OF THE PRIMARY AND SECONDARY REACTIONS 


Samples of the wool yarn were wound on the glass frames and 
irradiated in atmospheres of moist and dry nitrogen for 200 hours. 
The lamp was then turned off, the temperature maintained at 70°C, 
and moist nitrogen passed over both samples for about 300 hours. 
Finally, the lamp was again turned on and both samples were irradi- 
ated in atmospheres of moist nitrogen for an additional 300 hours. 
The rates at which sulfur, in the form of hydrogen sulfide, is evolved 
from the wool are shown in figure 1. 


III. DISCUSSION 


The data recorded in table 1, showing the relative rates of decom- 
position of cystine during irradiation in atmospheres of moist and of 
dry nitrogen, confirm the earlier observation that the primary action 
of the radiation, which results in the decomposition of the cystine, 
is Independent of the moisture in the system. The cystine contents 
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of the samples irradiated in atmospheres of moist nitrogen are slightly 
lower; but in view of experimental difficulties, such as keeping tho 
intensity of the light on both samples equal * and constant, thece 
small differences cannot be considered as significant at this time 
Furthermore, the differences are extremely small when compared with 
the difference between the rates of evolution of hydrogen sulfide from 
wool irradiated in atmospheres of moist and of dry nitrogen. 

The decomposition of the cystine under the conditions of these 
experiments appears to result from photochemical rather than therma] 
reactions. As was pointed out previously, the temperature in the 





RY 
wy 


SULFUR IN PERCENT 











400 500 
TIME IN HOURS 


FicureE 1.—Rate of evolution of hydrogen sulfide from wool. 


! 
200 


The measurements were made (1) during irradiation in atmospheres of moist and dry nitrogen, (2) in the 
dark in atmospheres of moist nitrogen, the temperature being maintained at 70°C, and (3) during irradia- 
tion in atmospheres of only moist nitrogen. 

The ordinate values are in terms of the percentage of the total sulfur which was evolved as hydrogen sulfide 
during the treatment. 


exposure tube varied between 65° and 70° C. However, the estima- 
tion of the exact temperature on the surface of the fiber would be 
very difficult, and for that reason an experiment in the absence of 
light was also run at 105° C. The data in table 2 show that no sig- 
nificant changes in the sulfur or cystine contents of the wool occurred 
during the prolonged heating at 60° and 105° C. 

Although the presence of moisture in the atmosphere surrounding 
the fibers during irradiation is not required for the primary reaction 
involving the decomposition of the cystine, the present work indicates 
that it does play an important role in the secondary process involving 
the evolution of the hydrogen sulfide from the irradiated fibers. 


3 When samples were irradiated under the same conditions in both exposure tubes, hydrogen sulfide was 
evolved at the same rate. This was the basis for assuming equal intensity during subsequent experiments. 
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Furthermore, it should be emphasized that the primary reaction is 
much more rapid than the secondary reaction and that the rate of 
evolution of hydrogen sulfide from the wool is determined by the rate 
of the secondary process. In addition, it appears that the secondary 
process is essentially a photochemical one, as indicated by the BCD 
and B’C’D’ portions of the curves in figure 1. That a small amount 
of hydrogen sulfide is probably split from irradiated wool by thermal 
rocesses is indicated by the slopes of BC and B’C’, but a comparison 
with those of the CD and C’D’ portions shows that the amount is 
extremely small. 

The authors can, at present, offer no complete explanation of the 
photochemical processes involved in the decomposition of the cystine 
in wool. The results to date suggest that the initial state of the 
photochemical decomposition is an absorption of the radiant energy 
resulting in the dissociation of the R-S-S-R group, probably into 
R-St and R-S~ ions. This reaction does not appear to be catalyzed 
by moisture. A cleavage of this type for the photochemical decom- 
position of cystine itself has been postulated by Anslow and Foster 
[5], who showed that when radiant energy is absorbed by this sub- 
stance, the linkage between the halves of the molecule is weakened, 
which results in the disruption of the molecule. A possible secondary 
reaction would then be the reaction of the products of the primary 
process with water to form RSH and RSOH compounds. The latter 
are unstable and generally decompose with the liberation of hydrogen 
sulfide. 
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TENSILE PROPERTIES OF RUBBER COMPOUNDS AT 
HIGH RATES OF STRETCH 


By Frank L. Roth and William L. Holt 


ABSTRACT 


With the aim of determining whether the tensile properties of a rubber com- 
pound measured at high stretching rates offer any better indication of resistance 
to abrasive wear than the properties measured at the usual testing rates, a special 
apparatus was developed for stretching ring specimens to rupture by means of a 
falling weight. Tensile properties of the ring specimens were determined from a 
study of the position of the weight as a function of time. The position of the 
weight was recorded at equal time intervals on a paper tape, one end of which 
was fixed to the weight. The tape was pulled through a spark gap as the weight 
fell. The timing of the sparks was controlled by a tuning fork. Specimens were 
stretched to the point of rupture in about one-half to three quarters of a second. 
The work of extension was determined as a function of the elongation of the 
specimen from the instantaneous positions and corresponding speeds of the weight. 
Stress-strain relationships were then obtained from the work of extension. 

Tests were made on a range of cures of each of four rubber compounds. One 
of these was a pure gum compound, and each of the other three contained 25 
volumes of a filler per 100 volumes of crude rubber. The three fillers used were 
channel black, soft black, and clay. 

A comparison of these data with similar data for a rate of stretch which lies in 
the range of speeds common to the usual routine tests fails to show that the 
tensile properties measured at the high stretching rates offer any better indica- 
tion of resistance to abrasive wear than the properties measured at the usual 
testing rates. 


CONTENTS 


1. Rapid stretching 
(a) Description of apparatus_.____-.-.------- 
(b) Sample calculation 
(c) Precision 
2. Slow stretching 
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1. Stress-strain relationships 
2. Work of extension 


I. INTRODUCTION 


It has been suggested by several authors that some relationship may 
exist between the stress-strain properties of a rubber compound and its 
resistance to abrasive wear. Wiegand ' pointed out in 1920 that since 


‘W. B. Wiegand, Some aspects of the rubber stress-strain curve, Can. Chem. J. 4, 160 (1920). 
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the wear of a tire tread consists in the gouging or tearing out of smal] 
masses of rubber, the resistance to abrasive wear might depend on tho 
amount of work performed in stretching the rubber to rupture. 4 
chart accompanying this suggestion showed that for a compound con. 
taining 25 volumes of channel black per 100 volumes of rubber thjs 
work was greater than for compounds containing other fillers or other 
proportions of channel black. It is well known that compounds con. 
taining from 25 to 35 volumes of channel black have the highest resist. 
ance to abrasive wear. Grieder? found no exact proportionality 
between the work of extension and abrasive resistance obtained in the 
laboratory, but compounds which showed high resistance to abrasion 
also showed relatively large work of extension. In a more recent in. 
vestigation on the reinforcement of rubber with carbon black, Wie- 
gand * states that the resistance of a rubber compound to abrasive 
wear is undoubtedly influenced not only by the work of extension to 
rupture but also by the work of extension to intermediate elongations, 

Principally because of experimental difficulties in obtaining simulta- 
neous values of extension and force at high rates of stretch, most of the 
previous investigations have been limited to relatively slow rates, 
However, it has long been known that the tensile properties of a vul- 
canized rubber compound depend on the rate at which the specimens 
are stretched. In 1903 Bouasse and Carriére * noted that for a rubber- 
sulfur compound the extension of a specimen for a given load was 
greater when the load was applied slowly than when it was applied 
quickly. The extensions were carried out to about 600 percent of the 
unstretched length of the specimens at rates ranging from 0.5 to 7 per- 
cent per second.’ Somerville, Ball and Edland ¢ noted for a more mod- 
ern pure-gum compound a similar effect of stretching rates from 
0.3 to 3 percent per second and for extensions to 350 percent. 

Holt,? using an autographic machine, stretched a tire-tread com- 
pound to an elongation of 450 percent at average rates ranging from 
10 to 1,500 percent per second. His results also show that for any 
given strain the stress increases with increasing rate of stretch. 
Similar results were obtained by Dart and Guth,’ who used a method 
involving photographic recording and employed rates ranging from 2 
to 300 percent per second. 

The effects of average rates of extension from about 2 to 20 percent 
per second on the tensile strengths and ultimate elongations for four 
compounds were reported bv the National Bureau of Standards? in 
1915. The study showed slightly higher tensile strengths and ulti- 
mate elongations for the higher rates of stretch. 

The above-mentioned investigators have found small increases in 
the stress for a given strain, but no one of them has reported any 
marked advantage in making tests at the higher rates of stretch. 
Pat W. Grieder, The resilient energy and abrasion resistance of vulcanized rubber, Ind. Eng. Chem. 15, 504 

3 W. B. Wiegand, The carbon reinforcement of rubber, Can. Chem. and Met. 21, 35 (1937). 

4H. Bouasse and Z. Carriére, Sur les courbes de traction du caoutchouc vulcanisé, Ann. Faculté Sciences 
Toulouse, 5 (2), 257 (1903). 

§ The rate of stretch for the usual dumbbell specimens ranges from 5 to 25 percent per second for a jaw 
separation of 20 inches per minute. 

6A. A. Somerville, J. M. Ball, and L.A. Edland, Autographic stress-strain curves of rubber at low elongations, 
Ind. Eng. Chem., Anal. Ed. 2, 289 (1930); Reprinted in Rubber Chem. Tech. 3, 689 (1930). 

7W.L. Holt, Behavior of rubber under repeated stresses, Ind. Eng. Chem. 24, 1471 (1931); Reprinted in Rub- 
ber Chem. Tech. 5, 79 (1932). 

'F. E. Dart and E. Guth, The dependency of the stress-strain relationship for rubber upon the rates of stretch: 


ing, Phys. Rev. 55, 1141 (A) (1939). 
* Cir. BS C38 fed. 3], 60 (1915). 
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Beadle and Stevens ” suggested the use of the impact pendulum for 
xretching rubber test specimens in order that the tests be made to 
approach more nearly the sudden stresses experienced by a tire on 
the road. Later studies by investigators!” using the impact pen- 
dulum to determine the work done in stretching rubber to rupture 
report that high rates of stretch are advantageous in determining the 
best cure. Stress-strain curves obtained for elongations up to 350 
ercent at a rate of about 8,000 percent per second by means of a 
modified impact pendulum * show stresses which are relatively large 
compared with those obtained by the usual methods of testing. 

In a recent investigation of isothermal and adiabatic stress-strain 
curves for pure-gum compounds, Hauk and Neumann “ found that 
for compounds containing 1 and 2 percent of sulfur ‘the curves first 
separate, then at higher elongations approach each other, and finally 
intersect.’ In this work the isothermal curves were determined by 
loading similar strip-specimens with various weights and observing 
the change in distance between gage marks. The adiabatic curves 
were determined by applying the stretching force through a calibrated 
spring and obtaining a cinematographic record of the relative posi- 
tions of gage marks on both the specimen and the spring. The 
stretching process for the adiabatic curves was accomplished in less 
than a second. The same authors,'® working with elongations up to 
about 450 percent, found in another investigation that for various 
rates of stretch ranging from 50 to 700 percent per second the stress 
increased with increasing rates. 

The purpose of the present investigation was to determine whether 
the tensile properties measured at high stretching rates offer any 
better indication of resistance to abrasive wear than the properties 
measured at the usual testing rates. In this study stress-strain 
relationships were determined for different types of rubber com- 
pounds when stretched rapidly to rupture. The specimens were 
stretched to rupture in less than a second, so that the tests were 
vearly adiabatic. The cross sections of the specimens were small 
compared to their lengths so that the stresses might approach simple 
tensions in character. In order to make the results for high rates of 
stretch comparable to those for low rates, similar specimens were used 
throughout the study. 


II. RUBBER COMPOUNDS INVESTIGATED 


Tests were made on a series of specimens of each of four rubber 
compounds, the compositions and cures of which are shown in table 1. 
The first compound is referred to as pure gum, that is, it contains no 
filler. The compounds containing fillers, referred to as loaded com- 
pounds and designated by their respective fillers, have a base stock 
which is as nearly like the pure-gum compound as is practicable. 


©, Beaule and H. P. Stevens, Impact tensile tests on rubber and a comparison with tensile and hysteresis 
tests, Proc. Int. Rubber Cong. (London) 4, 344 (1911). 

A. van Rossem and H. B. Beaverdam, Tensile tests of vulcanized rubber at high speed, Rev. gén. caoutchoue 
» 27 (1930); Reprinted in Rubber Chem. Tech. 4, 147 (1931). 
4G. W. Albertoni, Impact machine for rubber testing, Ind. Eng. Chem. 9, 30 (1937); Reprinted in Rubber 
Chem. Tech. 10, 317 (1937). 

Rs G. W. Albertoni, Impact machine for rubber testing, Ind. Eng. Chem. 9, 30 (1937); Reprinted in Rubber 
Chem. Tech, 10, 317 (1937). 

4 V. Hauk and W. Neumann, Isothermal and adiabatic stress-strain curves of tulcanized rubber, Monatsh. 
72, 22 (1938); Translated in Rubber Chem. Tech. 12, 64 (1939). 

'’V. Hauk and W. Neumann, A fime effect in the rapid elongation of rubber, Naturwissenschaften 26, 365 
and 461 (1938); Translated in Rubber Chem. Tech. 12, 518 (1939). 
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Each compound contains 25 volumes of filler per 100 volumes of crude 
rubber. 
TABLE 1.—Composition and cure of rubber compounds 





| | | 
| Pure- |Channel-| Soft- 
| 


— 
ail ete | | Clay 
tubber compounds gum | black black | lay 


Ingredients Parts by weight 


| 
| 
| 


Rubber (smoked sheets) - - -- -- -- . | 100 100 
Sulfur paacwe nie | 7 | , : 
Zine oxide 

Stearic acid. _- Bee 

Beuzothiazyl disulfide (Altax) _ -.- 


Tetramethylthiuram disulfide (Tuads) 
Phenyl-beta-naphthyiamine 
Channel-black (Micronex) _ - 
Soft-carbon (P-33) — 

Clay (Dixie) 


Curing temperature (° C) 


Curing times (min) -_- 


| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 








* Cures selected as optimum for comparisons in the present investigation. 


In the selection of the compounds to be studied, the aim was to 
pick a few simple compounds containing commonly used fillers and 
differing considerably in tensile and abrasive properties. The addi- 
tion of channel black to a base stock produces a compound which 
possesses the greatest resistance to abrasive wear, and which is 
universally used for tire treads. The compound is stiff and has 
markedly higher tensile strength than the base stock. When clay is 
added to the base stock, a stiff compound with relatively low tensile 
strength and ultimate elongation results. Soft black, however, has 
little stiffening action, and a soft-black compound has a relatively 
high ultimate elongation. Such a compound has a tensile strength 
less than that of the channel-black compound but more than that 
of the clay compound. 


III. APPARATUS AND PROCEDURE 


The tensile properties for high rates of stretch were determined by 
means of a special apparatus in which ring specimens were stretched 
by means of a falling weight. Slow stretching rates were obtained 
by use of a modified form of this apparatus and by a Scott tensile 


machine. 
1. RAPID STRETCHING 


(a) DESCRIPTION OF APPARATUS 


A schematic diagram of the apparatus employed in obtaining stress- 
strain relationships for high rates of elongation is shown in figure 1. 
Ring specimens are stretched to rupture by a falling weight, and 
their stress-strain relationships are determined from a study of the 
position of the weight as a function of time. The position of the 
weight is recorded at equal time intervals on a paper tape, one end of 
which is fixed to the weight. The tape is pulled through a spark 
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up as the we ight falls. The timing of the sparks is controlled by a 
iuning fork w hich operates the breaker points in the prime ry circuit 
an induction coil. The frequency of the tuning fork is 55.6 vibra- 
eis s per second, and the time required to stretch a specimen to the 
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Figure 1.—Schematic diagram of the apparatus for determining the tensile properties 
of rubber by the use of a falling weight. 
point of rupture ranges from about one-half to three- -quarters of a 
second. The time involved in strete hing the specimen is short enough 
so that the test may be considered nearly adiabati The rate of 
stretch is not constant, but the average is in the onde of 1,000 per- 
cent per second. The maximum speeds range from 1,600 to 1,950 
percent per second for the pure-gum compounds and from 950 to 
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1,500 percent per second for the loaded compounds. The actual rate; 
of stretch for a pure-gum and a loaded compound are shown in figyr, 
2. The fact that the speed for the channel-black specimen selecte, 
for this figure does not start from zero indicates that the weight {¢lj 
some distance before beginning to stretch the specimen. In the cago 
of the pure-gum specimen selected, this distance was zero, and there. 
fore the speed starts from zero. The channel-black and pure-gyn, 
specimens selected here were stretched by weights of 90.2 and 42.93 
pounds, respectively. Variations in the rate of stretch of the speci. 
men, brought about by changes in the weight or in the distance th 
weight falls before beginning to stretch the specimen, have no obsery- 
able effect on the data obtained. 
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Figure 2.—Rates of stretch for typical specimens of channel-black and pure-gum 
compounds when stretched by the falling weight. 


The molded-ring specimens are of rectangular cross section with 
inside and outside diameters of about 7 and 7% inches, respectively, 
and a width of 0.2 inch. The difference between the inside and 
outside diameters was made relatively small in order to minimize the 
difference between the elongations of the inner and outer surfaces of 
the rings during the stretching process. The specimens are supported 
on two steel spools, % inch in diameter, one of which is fixed in 
position and the other is part of the falling weight. The spools are 
free to rotate on their axes, and the areas of contact between the ring 
and the spools are lubricated with castor oil. Except for the highly 
cured pure-gum compounds, few specimens rupture in or very near 
the region of contact of the rings with the spools. 

The weight is made in several sections so that it can be varied 
between 43 and 90 pounds by steps of approximately 12 pounds. 
The upper, or fixed, spool may be raised or lowered to allow the 
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weight to fall any desired distance (usually from 0 to 2 inches) before 
hecinning to stretch the specimen. 

The spark electrodes consist of tungsten wires inside glass capillary 
tubes. ‘The bore of these tubes is about 0.020 inch, and the electrode 
ends of the wires reach to within about 0.010 inch of the ends of the 
tubes. The recording tape slides between the tubes, and the tubes 
are kept in contact with it by the weight of the upper electrode 
assembly. Strips of adding-machine paper, 1% inches wide and 
10 feet long, are used for the recording tape. A flat spring keeps the 

tape taut as the weight falls. The friction of the tape produces no 
appreciable effect on the motion of the weight since, if the weight 
is allowed to fall without a specimen in place, its ‘acceleration. is 
found to be equal, within an experimental error of about 1 part in 
300, to the accepted value of g, the acceleration of a freely falling 
body. 
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FicuRE 3.—Speed-time and elongation-time curves for a specimen of channel black 
compound stretched by the falling weight. 


The positions of the spark holes in the tape are measured by means 
of a low-power microscope and a millimeter scale. The distance 
between any two consecutive hoies, after the starting point, is numeri- 
cally equal to the average speed of tle weight during the correspond- 
ing time interval and is equal, to a first-order approximation, to the 
instantaneous speed at a time midway between the beginning and end 
of the interval. Figure 3 shows a typical speed-time graph plotted 
by this method. Region A corresponds to the free fall of the weight 
before it begins to stretch the specimen. The distance of free fall 
was found by direct measurement before the weight was released, and 
in this case was 1.1 inches (2.8 cm). Region B represents the fall of 
the weight under the action of the upward pull of the specimen. 
Region C represents the free fall of the weight following the rupture 
of the specimen. 

The tensile properties of the specimen may be determined in either 
of two ways: (1) The tension in the specimen may be determined at 
any point during its stretch from the speed-time curve; or (2) the 
work done by the weight on the specimen may be determined and 
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plotted as a function of its elongation, and the tensile properties m; Ly 
be determined from the resulting eraph. In the first method thie 
tension, especially for low elongations, must be obtained from th, 
difference of two relatively large quantities. Consequently, this 
method was abandoned in favor of the less direct method, that of 
considering the work done by the weight on the specimen. 

Since data obtained by allowing the weight to fall without a speci. 
men in place show that frictional forces due to the tape are negligible. 
the work done on the specimen is equal to the difference betwe een the 
change in potential energy of the weight due to its change in Position 
and the kinetic energy due to its speed. The curves in figure 3 are 
needed only to determine the speed of the weight as a function of the 
elongation ‘of the specimen and to determine the ultimate elongation 


of the specimen. 
(b) SAMPLE CALCULATION 


A sample calculation for the determination of the work done in 
stretching the specimen represented by figure 3 is as follows: 
Weight 90.2 lb 
Frequency of the tuning fork~ .-- 55.6 cycles/sec 


Distance weight falls before beginning to stretch the 


specimen 
Half-circumference of the unstretched specimen _-_- 11.15 in. 
Volume of the specimen-_-_----_- 0.583 in.’ 


For‘an elongation of 350 percent, for example, the distance the weight 


has fallen is 
(11.153.5)+1.1=40.1 in. 


The change in its potential energy is 


90.2 40.1=3,620 in.-lb. 


Its speed, taken from figure 3, is 5.67 cm per vibration period of the 
tuning fork, or 


5.67X55.6  ,, 
~~ = 124 in./sec. 


The gravitational constant is 980/2.54=386 in./sec’. 
The kinetic ene rgy of the weight is given by 


90.2 (124) ? 
9) xX 886 


“z0 


=1,800 in.-lb. 





The work done per cubic inch of the specimen in stretching 350 percent 
is 
3,620— 1,800 


— =: 9 al / 
0583 =3,120 in.-lb./in’. 





Similar calculations may be carried out for as many elongations 4s 
may be desired. Figure 4 shows the work done per unit volume of the 
sample plotted as a function of the elongation. Since for any given 
elongation the stress is equal to the ratio of the change in work done 
per unit volume to the corresponding change in strain, the slope at 
any point of the work curve, figure 4, is equal to the stress at the cor- 
responding strain. Therefore the stress-strain curve for the speci- 
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men can easily be plotted either from an analytical treatment of the 
work data or by graphical means. Both methods were employed 
in the present investigation. 


(c) PRECISION 


The precision of the measurements for high rates of stretch is as 
good as can be obtained by the usual testing methods. Tables 2 and 
> show the work of extension at various elongations of pure-gum and 
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FigurRE 4.—Work-elongation curve and the stress-strain curve obtained from it. 


The work-clongation curve is derived from figure 3. 


channel-black compounds at optimum cure and are illustrative of the 
general precision obtained. The coefficient of variation used in 
these tables is defined as the ratio of the standard deviation to the 
mean, the standard deviation being the square root of the mean of 
the squares of the deviations of the individual observations from 
their mean. The coefficients of variation observed at rupture are 
in good agreement with the value 0.05 stated by Holt and McPherson " 
to be that commonly obtained by the usual testing methods. 


tW. L. Holt and A. T. McPherson, Toggle clamp for rubber tensile specimens, J. Research NBS 22, 543 
(1939) RP1204., 


1843873—39-——5 
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TABLE 2.— Work of extension for the pure-gum compound at optimum cure 





l l l | x l | 
Elongation (percent) __....------_} 50; 150] 250 mi 450 | 550 | 650 | 750 


| | 


Rup. 





Ring No. | Work of extension, inch-pounds per cubic inch 


491 837 | 1,390 | 2,265 | 4,000 


287 498 840 | 1, 33 2, 3! 4, 130 


279 | 507 808 | 1,355 | 2,270 | 4,030 


280 498 828 | 1,315 | 2,260 | 4,080 


Average . . j 24 | | 280 


498 $28 1, 360 2,285 | 4, 060 


Coefficient of variation 0. 066 | 0.034 | 0.017 | 0.011 | 0.015 | 0.021 | 0.016 | 0.012 





«Values were not calculated for work of extension at elongations below rupture. 


TABLE 3.—Work of extension for the channel-black compound at optimum cure 
: I 


a l l 





Elongation (percent)............| 100 400 | 500 _ 


| | | 


Ring No co Leeeeein ee Work of extension, inch-pounds per cubic inch 


216 840 2, 140 4, 290 8, 330 
214 859 2, 194 4, 360 , 456 9, 235 
215 833 2,130 | 4,270 , 36 9, 170 


Pickatinerainccussencce 215 844 2,155 | 4,307 7, 375 8, 910 





Coefficient of variation 0.004 | 0.013 | 0.013 | 0.009 | 0.008 | 0.046 
| 





2. SLOW STRETCHING 


In order to eliminate the effect of variables other than the rate of 
stretch, identical specimens were made up for both rates. The stress- 
strain relationships for slow stretching were determined for all but the 
pure-gum compounds on a Scott tensile machine, using sections of the 
rings as strip specimens and toggle clamps " to hold the strips. With 
2-inch gage marks and a jaw separation of 20 inches per minute, the 
speed of stretch is 8 to 10 percent per second. In order to determine 
whether the geometry of the specimen or the clamping arrangement 
affected the observed tensile properties, a number of rings of a carbon- 
black compound were stretched at about the same rate, 8 to 10 percent 
per second, over the lubricated spools used for rapid stretching 
The resulting stress-strain curves, including the average ultimate 
elongations and tensile strengths were not appreciably different from 
those obtained with strip specimens of the same compound. Since 
strips from the pure-gum rings showed a decided tendency to break in 
or near the clamps, all the data for this compound were obtained by 
stretching complete rings over the lubricated spools. 

° 


17W. L. Holt and A. T. McPherson, Toggle clamp for rubber tensile specimens, J. Research NBS 22, 543 
(1939) R P1204. 
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IV. EXPERIMENTAL RESULTS 

1. STRESS-STRAIN RELATIONSHIPS 
Stress-strain curves for the optimum cure of each compound are 
chown in figure 5. In each case the solid line refers to rapid stretching 


and the broken line refers to slow stretching. The data corresponding 
10 the points shown are tabulated in table 4. It will be noted that 
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Figure 5.—Comparative stress-strain curves for two rates of stretch. 


The curves are based on the optimum cures of the compounds described in table 1. 


for elongations up to about 500 or 600 percent the stress at a given 
elongation is greater for rapid stretching. For the pure-gum com- 
pound the difference in the stresses for the two rates of stretch reaches 
a maximum of 75 pounds per square inch at 500-percent elongation. 
At elongations greater than 600 percent the difference is negligible. 
For the loaded compounds the difference is somewhat greater but 
vanishes at about 500-percent elongation and reverses its sign at 
higher elongations. 





s 
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TABLE 4.—Comparison of stresses of rubber compounds at optimum cure for the | 
rates of stretch 





| | | 
Compound Puregum | _ Soft black | Channel black 
| 





Rate of stretch Fast Slow | Fast | Slow | Fast Slow 
| | | 





Elongation Stress, pounds per square inch 


Percent 
100 
200 
300 
4100 t 
500... 5 455 | 2,010 
600 } 2, 990 
700- ’ . , 760 |-- 


Tensile strength -_. 3, 1: 2,850 | 3,040 3, 
| | | 





The fact that the curves for high rates of stretch approach or cross 
those for slow stretching is in accord with the observations of Hauk 
and Neumann.® This effect might be accounted for, at least in part, 
by the greater increase of temperature of the specimen when it is 
stretched more quickly. This increase of temperature at high stretch- 
ing rates was greater for the loaded compounds than for the pure-gum. 
Specimens of the channel-black compound were found, about 15 
seconds after rupture, to be at temperatures as much as 25° C higher 
than they were before stretching began. A study of the effect of the 
temperatures of several rubber compounds on their respective tensile 
stresses, reported by the National Bureau of Standards,’® shows that 
for given elongations the tensile stresses of rubber compounds decrease 
with increasing temperatures. This effect is greater for loaded com- 
pounds than for pure gum. 

Figure 6 presents the tensile characteristics of the compounds as a 
function of the curing time. Although the actual values of the stresses 
differ for the two rates of stretch, their general variations with changes 
in cure differ but little. In regard to the tensile strengths for the pure- 
gum compound, it should be mentioned that for cures greater than 30 
minutes all the ruptures occurred at or near the supporting spools. 

Except for the pure-gum compound and the channel-black com- 
pound of lowest cure, the tensile stresses and elongations at rupture 
are less for rapid than for slow stretching. The differences in thie 
behavior of the loaded and pure-gum compounds at the two rates of 
stretch are probably due to differences in (1) the increase of the 
temperatures referred to above, (2) the behavior of the specimen at 
the region of contact with the supporting spools, and (3) the rate and 
type of fibering *° of the different compounds. No attempt is made to 
explain the exact causes of the observed differences. 

1® V. Hauk and W. Neumann, Jsothermal and adiabatic stress-strain curves of vulcanized rubber, Monatsh. 
72, 22 (1938); Translated in Rubber Chem. Tech. 12, 64 (1939). 

” R. F. Tener, S.S. Kingsbury, and W. L. Holt. Tensile properties of soft rubber compounds at temperatures 
ranging from —70° to +147° C., Techn. Pap. BS 22, 387 (1928) T364. 

2%” Fibering or “crystallization’’ of rubber compounds is a well-known phenomenon of phase change which 
occurs in rubber when it is stretched. This phase change is evidenced by changes in X-ray diffraction pat- 
terns, specific volumes, and by specific heats. Fibering is influenced by differences in compounds, amount 
and rate of stretch of the specimens, and by temperature. In effect, the stress-strain curve for low elonga- 
tions represents the tensile properties of an amorphous substance, whereas the same curve for higher elonga- 
tions may represent the tensile properties of a type of crystalline substance. Thus, it is difficult to predict 


the exact causes of the observed differences in tensile strengths for the various compounds when they are 
stretched at different rates. 





Tensile Properties of Rubber 
2. WORK OF EXTENSION 
Table 5 shows the work of extension of the rubber compounds at 


optimum cure tabulated as a function of elongation. For the com- 
nounds investigated the ratio of the work of extension for slow stretch- 
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Figure 6.—Stresses and tensile strengths for the two rates of stretch as a function of 
the time of cure. 


The solid-line and broken-line curves refer respectively to rapid and slow stretching. The numbers on the 
curves indicate the percent elongation. The compounds are those described in table 1. 


ing to that for rapid stretching, at equal elongations, ranges from 
about 0.6 at 100-percent elongation to about 0.9 in the neighborhood 
of rupture. The relative constancy of this ratio at each elongation 
makes it evident that the work of extension for a given elongation 
obtained by rapid stretching gives no better indication of the nature 
of a compound than can be obtained by slow stretching. 
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TABLE 5.—Comparison of work of extension of rubber compounds at optimum evr 
for the two rates of stretch 





Compound__...- Pure gum | Soft black | Channel black | Clay 
eee : anaes name 


Rate of stretch ‘ast | Slow Fast | Slow Fast | Slow | Fast | 














Elongation Work of extension, inch-pounds per cubic inch 





| } | 
} } 
95 135 240 


670} 940 
1,820 | 2,120 
3, 785 3, 900 
6, 705 ®6, 380 | 


Percent 


“8,270 | 




















*Values at rupture. 


The total work of extension to rupture for the pure-gum and clay 
compounds is greater for rapid stretching than for slow stretching. 
On the other hand, for the compounds containing soft black and 
channel black the work of extension is actually less for rapid stretching, 
Since the soft-black and channel-black compounds are known to be 
much more resistant to abrasive wear than the other compounds, it 
would seem that the work of extension to rupture is less indicative of 
resistance to abrasive wear when the compound is stretched rapidly 
than when it is stretched slowly. 


V. SUMMARY AND CONCLUSIONS 


Stress-strain relationships and the work of extension for four 
rubber compounds were studied for a rate of stretch of the order of 
1,000 percent per second. This rate is sufficiently great so that the 
test may be considered to approach adiabatic conditions. <A com- 
parison of these data with similar data for a rate of stretch which lies 
in the range of speeds common to the usual routine tests shows that 
increased speed of stretching affects the observed tensile properties 
as follows: (1) The stresses are increased at elongations up to about 
500 percent for the loaded compounds and up to “600 percent for the 
pure-gum compound, the maximum increases ranging from 75 pounds 
per square inch for the pure-gum compound to 245 pounds per square 
inch for the clay compound; (2) the stresses in the carbon-black com- 
pounds are decreased slightly at elongations near rupture; (3) the 
work of extension to rupture is increased for the pure-gum and clay 
compounds and decreased for the carbon-black compounds; and (4 
the work of extension for a given elongation is increased for all the 
compounds. The stresses and the work of extension at the higher 
speed reveal no information indicative of resistance to abrasive wear 
that cannot be gained from similar studies of data obtained in stretch- 
ing the specimen slowly. 


WASHINGTON, September 13, 1939. 
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INTERNAL ABSORPTION OF GAMMA RAYS IN RADIUM- 
BERYLLIUM NEUTRON SOURCES 


By Leon F. Curtiss 


ABSTRACT 


When neutron sourees composed of beryllium powder mixed with a radium salt 
are prepared commercially, it is sometimes desirable to determine the actual 
amount of radium in such a source by gamma-ray comparisons with a radium 
standard. To do this it is necessary to know the amount of absorption of gamma 
rays within the source and its container. 

To compute this correction, a knowledge of the absorption coefficient of the 
beryllium powder is required, and the equations involved are difficult to work 
with in the case of a cylindrical source suchas iscommonly used. Therefore, this 
internal absorption has been determined experimentally for a source contained in 
a brass cylinder of 8-mm internal diameter and 24.5-mm internai length with 
walls 1 mm thick. This cylinder contained a mixture of 1,237 mg of finely pow- 
dered beryllium and radium sulfate containing 139.7 mg of radium element. 
From measurements made in the usual way with a gamma-ray electroscope with 
1 cm of lead filtering, the absorption correction was found to be 5.1 percent. 


The determination of internal absorption of gamma radiation of 
radioactive substances within the radioactive salt itself can, in most 
practical cases, best be made experimentally. The problem has been 
treated mathematically by Thirring ' and also by E. v. Schweidler ? 
for the case of a sphere of radioactive material. For other configura- 
tions, such as a cylinder usually met with in practice, the computations 
become more difficult. An expression for the internal absorption in a 
cylindrical radium preparation in a glass tube of 2.66-mm internal 
diameter has been developed by Holuba.’ Aside from the mathemati- 
cal difficulties involved, the results of such calculations are subject to 
errors arising from inaccurate knowledge of absorption coefficients 
as well as from the fact that the simple exponential absorption law is 
not valid in the case under consideration. 

A similar problem is presented by neutron sources consisting of a 
mixture of beryllium powder and a radium salt enclosed in a brass 
capsule. It is often desirable to determine the actual amount of 
radium in such a source by comparison of its gamma radiation with 
that from a radium standard. When comparing radium preparations 
of approximately equal size, the internal absorption is so nearly the 
same in each case that it can be neglected. This is no longer true 

1H. Thirring, Physik. Z. 13, 266 (1912). 


1E. v. Schweidler, Physik. Z. 13, 453 (1912). 
3M. Holuba, Sitzber. Akad. Wiss. Wien [IIa] 146, 285 (1937). 
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when the radium salt is mixed with a relatively large quantity of 
powdered beryllium. 

To obtain more exact information as to the amount of interna] 
absorption in neutron sources of this type, the measurements de- 
scribed below were made. Briefly stated, they consist in mixing g 
measured amount of radium salt with a quantity of beryllium powder. 
enclosing the mixture in the usual type of brass cylinder, to form 
neutron source and comparing the external gamma radiation of the 
source thus formed with that from the same quantity of radium salt 
before mixing it with the beryllium. 

A solution of radium chloride containing 
Lo. ——a approximately 140 mg of radium was treated 
with sulfuric acid and the radium precipitated 
as sulfate. After carefully drying the radium 
sulfate it was sealed in a thin-walled glass tube 
and permitted to reach radioactive equilib- 
rium. The amount of radium element was 
then determined by comparing its gamma 
radiation with that from a radium standard 
containing 141.5 mg of radium. The amount 
of radium element in the radium sulfate was 
thus found to be 139.7+0.2 mg. 

Since both the radium sulfate and _ the 
radium standard were contained in glass 
tubes of approximately the same wall thick- 
ness and the amounts of salt in the two were 
nearly the same, no correction for internal 
absorption is necessary. 

The neutron source was prepared by mixing 
1,237 mg of beryllium powder with the radium 
sulfate containing 139.7 mg of radium. The 
metallic beryllium was ground in a mortar 

VY, 8 until all of it would pass through a 60-mesh 
Yy, screen, after which it was thoroughly mixed 
Ys bao. , with the radium sulfate. This mixture was 
Figure 1.—Cross section then carefully packed into a brass cylinder, 
of neutron source constructed as shown in figure 1, just large 
drawn to scale. enough to hold the mixture. The dimensions 
Dimensions are in centimeters. Of the cylinder are shown in the figure. The 
cover was soldered in position and the source 

permitted to reach radioactive equilibrium. 

Gamma-ray measurements of this neutron source made by placing 
the neutron with its axis parallel to the face of an electroscope at a 
distance of about 150 cm, gave an apparent radium content of 132.9 
+0.2mg. The electroscope used for all comparisons had walls of lead 
1 cm thick. The amount of filtration had some effect on the amount 
of absorption, but the differences were small for lead filters greater 
than 0.5 cm in thickness. As a result of these measurements, the 
absorption correction to be applied to the value for the apparent 
radium content of the neutron source in order to determine its actual 
content is 5.1 percent. This includes the correction for absorption 
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in the beryllium powder and in the 1-mm brass walls of the container. 
This correction can be expected to vary but slightly for preparations 
of similar shape and diameter over a range of 1 or 2 mm in either 
direction. Consequently, it may be used to determine the actual 
radium content for such sources ‘within the usual limits of acc uracy, 
that is, +0.5 percent. 


WasHINGTON, October 6, 1939. 


184373—-39-——-6 
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DETERMINATION OF CROSS-SECTIONAL AREAS OF 
STRUCTURAL MEMBERS 


By James A. Miller 


ABSTRACT 


The cross-sectional areas of structural members are often required for comput- 
ing the stresses corresponding to the applied loads. The areas of many light- 
we right members cannot be obtained accurately from either nominal or measured 

i For example, in thin-walled members small differences in thickness 
cause large percentage errors in area. Often the shape of a section does not permit 
adequate measurements of the dimensions required to calculate the area. In such 
cases it is often advantageous to obtain the average cross-sectional area by a volu- 
metrie method if the cross section is uniform. If the cross section varies in area 
from section to section the area of a given section can sometimes be obtained from 
the average area of a short specimen taken from that location. 

The method is illustrated by a determination of cross-sectional area for a typical 
airship box girder, fabricated from sheet aluminum alloy. The cross-sectional 
area varied because of a row of flanged circular lightening holes along each side and 

sa minimum at sections through the centers of the holes. Specimens 0.3 inch 
long were taken symmetrical to a minimum section. The end surfaces were 
ground aa and nominally parallel so that the lengths could be measured ac- 

‘ately. The volume was determined by hydrostatic weighing. A correction was 
aicied to the average cross-sectional area of these specimens to obtain the mini- 
mum cross-sectional area. The estimated uncertainty of the determination was 
+0.4 percent. 
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I. INTRODUCTION 


A knowledge of the cross-sectional area is frequently required }) 
structural tests, in order to determine stresses in the structure from 
the external loads applied to it. In a compressive test, for example. 
the stress is e qual to the load divided by the cross-sectional area of ihe 
specimen. It is evident, though not always appreciated, that th; 
accuracy of the computed stress depends just as much on the acc uracy 
of the cross-sectional area as upon the accuracy of the load. , 

For large structural members, cross-sectional areas computed from 
the nominal dimensions are usually considered adequate. For sma] 
members which have relatively compact sections of simple geometric 
shape the actual dimensions can be measured easily and the area 
can be computed readily. 

Members have been built in recent years, however, which have 
cross sections of such size and shape that their areas cannot be ob- 
tained with sufficient accuracy from either the nominal or the measured 
dimensions. Members of this kind were involved when, at the request 
of the Bureau of Aeronautics of the Navy Department, the National 
Bureau of Standards undertook an investigation of the strength of 
aluminum-alloy airship girders of the two types shown in figure 1 and 
figure 2. The volumetric method for determining cross-sectional 
areas, described i in this paper, was developed with the financial sup- 
port of the Bureau of Aeronautics, Navy Department. A publication 
of the method seemed desirable because of its applicability to many 
other structural members, the areas of which cannot be obtained 
accurately from the usual mensuration formulas. It has been used in 
this Bureau to determine the cross-sectional areas of airplane wing 
beams, streamline tie rods, tubing, and other rolled, drawn, o1 
extruded members. 


II. METHODS OF DETERMINING CROSS-SECTIONAL 
AREAS 


1. NOMINAL DIMENSIONS 


When cross-sectional areas are computed from the nominal dimen- 
sions, the maximum difference between the cross sections of two 
members having the same nominal dimensions may be obtained from 
the specified tolerances. These tolerances frequently amount to 
+5 percent of the thickness in the case of thin sheet. Structural 
members of a given design formed of such sheet, as for instance the 
airship girder shown in figure 2 , may, therefore, differ by as much as 
10 percent in cross-sectional area on account of the thickness toler- 
ances alone. Spreads in thickness as great as 6 percent of the nom- 
inal value have been found in relatively small groups of girders having 
the same nominal dimensions. To the effect of tolerances in thickness 
one must add that of tolerances in width. The maximum difference 
in cross-sectional area due to the width tolerances would amount to 
5.2 percent in these particular girders. 
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FIGURE 1 Airship lattice girder 





FIGURE Me Airship box girde r. 
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hb cases where the variation from the nominal area is largely due 
5 yariation of one of the dimensions, a fa irly ¢ accurate estimate of the 
eposs-sectional area may be obtained by using an accurate measured 
value of this dimension and the nominal value of the other dimension. 


2. MEASURED DIMENSIONS 


Cross-sectional areas may be obtained directly from the measured 
dimensions for cross sections which are compact and of geometrically 
simple shape. The cross-sectional areas of members fabricated from 
formed sheet can sometimes be approximated by the product of the 
developed width of the sheet and an average value of the sheet 
thickness. 

The following indirect method is used in this laboratory to estimate 
the developed widths of such sections. A strip of thin paper approxi- 
mate ly % in. wide is fitted snugly about one lateral surface of the mate- 
rial so that the longitudinal axis of the strip lies in the plane of the 
section being measured. If the surface is reentrant, a good fit may 
be obtained using a strip coated with a pressure-sensitive adhesive, 
such as transparent Scotch tape. The strip is creased at the edges 
between which the width is desired. Then the strip is laid out flat 

nd the distance between the creases is measured. The width of the 
moe surface may be measured in the same way. These two 

measurements are averaged to obtain the developed width of the 
sec tion. 

If the strip can be fitted around one lateral surface of the section 
only, the developed width may be taken as the distance between 
creases for this surface minus a correction at/2, where a is the rotation 
of tke normal to the surface in passing from one end of the section to 
the other (see appendix A, fig. 7a) and ¢ is the thickness of the sheet. 

For example, in measuring a closed surface on the outside, this cor- 
rection amounts to xt. When the defining marks are on the outside 
of the strip, ¢ should be taken as the wall thickness of the section 
plus the thickness of the measuring strip. However, for a thin strip 
the resulting error is negligible in all practical cases. 

The accuracy of such a measurement of the developed width 
depends on the form of the edges and the practicability of fitting a 
strip of paper to the surface without appreciable error due to lack of 
contact and extension of the strip. 

The accuracy of the measured values of wall thickness is an even 
less definite quantity. It is only rarely possible to obtain a properly 
weighted average thickness, taking into account variations in thick- 
ness due to forming operations. Also, observational ersors, both 
constant and variable, in the measurements are likely to be some- 
what greater for formed sheet than for smooth flat see 

It may be concluded that the method cannot be relied upon to 
sive accurate results for members fabricated from formed sheet 
metal, 

3. PLANIMETER 


Areas of cross sections of irregular shape may be measured by 
tracing a contour of the cross section with the tracing point of a 
planimeter. This contour may be either an impression or an enlarged 
photograph of the cross section. 
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It appears from the work of Stang, Sweetman, and Gough)! wh, 
applied the method to concrete-reinforcement bars, that the dimen. 
sions of the contour as computed from the area may be in error by 
as much as 0.01 in. Fora thin section there may be appreciable errors 
due to burrs or bevel at the edges. The planimeter method is there. 
fore not suitable for an accurate determination of the cross-sectiong| 
area of thin-walled sections. 


4. VOLUMETRIC METHODS 


(a) MEMBERS OF CONSTANT CROSS SECTION 


If the cross section of a member is constant, its area can be com- 
puted by dividing the volume of the member by its length. For 
a long member a suitable length may be cut from the member to 
serve as an “area specimen.”’ 

The end surfaces of an area specimen should be plane and per. 
pendicular to the axis of the specimen. This may require special 
methods of finishing the end surfaces for specimens shorter than 1 in. 

The volume of an area specimen may be obtained by one of the 
following methods: 

1. The immersion method.—The specimen is immersed in a liquid 
(preferably one having low surface tension, such as alcohol) con- 
tained in a cylindrical glass graduate. The volume of the specimen 
is the increase in the graduate reading due to the immersion. 

2. The weight method.—The specimen is weighed and the mass is 
divided by the density. 

3. The hydrostatic-weighing method.—The difference between the 
weight of the specimen and its apparent weight in a liquid of known 
density is determined. This difference is equal to the weight of the 
liquid displaced by the specimen. The mass of the liquid displaced 
divided by its density is therefore equal to the volume of the specimen. 

The choice of the volumetric method to be used depends to some 
extent upon the size and shape of the specimen, the equipment 
available, the accuracy desired, and also the number of specimens 
of the same material for which the cross-sectional areas are required. 

The precision of the immersion method depends to the greatest 
extent upon the size and shape of the specimen. If the specimen is 
slender and requires a relatively small volume of liquid to fill the 
graduate to its capacity, results can sometimes be obtained by this 
method which compare favorably with those obtained by the other 
volumetric methods. 

The precision of the weight method does not depend upon the shape 
of the specimen or of the cross section. This is true also for the hydro- 
static-weighing method, provided all adhering air bubbles are re- 
moved. Neither does the precision of these methods depend upon 
the cross-sectional area, provided that the specimen can be taken 
long enough to keep the percentage error in volume within the required 
limits. These methods, therefore, are especially suited to members of 
constant section whose area cannot be conveniently computed or 
measured—for example: thin-walled members, such as tubing and 
the chord members of airship lattice girders, and streamline rods and 
other rolled, drawn, or extruded members. 


4 BS J. Research 9, 512-514 (1932) RP486. 
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The weight method is the most convenient method to use when 
the density of the material is known. Usually a specimen can be 
weighed with such precision that the error in volume due to the 
error in weight is negligible. Average values for the densities of 
structural materials are given in the literature; but the actual values 
for some alloys may differ appreciably from the average value because 
of differences in the composition, especially if the constituents have 
widely different densities. For example, for a group of 16 specimens 
of formed sheet aluminum alloy of a given seein composition the 
diference between the highest and lowest values of density was 1.7 
percent of the mean value, and for the chord members of a single 
girder this difference was 0.7 percent. 

The hydrostatic-weighing method is generally used to obtain the 
volume of a solid specimen whose density is to be determined. With 
the apparatus and procedure to be described later, the volume of a 
specimen exceeding 1 em* can be measured to 0.17 percent. When 
the density of the material is not accurately known, it is advisable to 
use this method either to obtain the volume of the specimen or to 
determine the density of the material so that the weight method 
ean be used. The latter procedure is usually to be preferred if the 
volume of the specimen is too small for accurate hydrostatic weigh- 
ing or if more than one volumetric determination on specimens of 
the same material is required. 


(b) MEMBERS OF VARYING CROSS SECTION 


The applicability of the weight method and of the hydrostatic- 
weighing method to thin-walled members of constant cross section 
suggests the possibility of using them to determine the minimum 


cross-sectional areas of thin-walled members of varying cross section— 
for example, airship box girders, similar to that shown in figure 2, 
in which the cross-sectional area of each strip of metal composing the 

















Figure 3.—Hypothetical specimen for computation of excess volume. 


The following values were assumed: r, radius of AB,=1.625 in.; t=r/32; OD=OE=r/8; a=90°; /=0.3 in.; 
w=CD+4+-CE=0.9 in. The minimum cross-sectional area, Ao=wt. The “minimum volume’’= Aol 


sides varies because of flanged holes. Some of the flanges curve 
sharply from the plane of the sheet and are for the most part per- 
pendicular to it. Other flanges are curved throughout, as indicated 
in figure 3. The minimum cross section between a round hole and 
an edge of a strip is that cut by a plane through the center of the hole. 
and perpendicular to the longitudinal axis of the strip. 
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The volume of an area specimen cut from such a girder is somp. 
what larger than the ‘“‘minimum volume” (the product of the 
of the minimum cross section and the length). 

The procedure for calculating the excess volume will be illustrated 
by a hypothetical case which imposes geometrical restrictions a¢ 
severe as, and in some cases more severe than, any thus far encoun. 
tered in area specimens from airship girders. This is shown diagr; am- 
matically in figure 3. The specimen may be considered as composed 
of three portions: I, which has constant cross section throughoy t: 
III, the flange generated by a quarter annulus, to which part of the 
excess volume is due; and the intermediate portion II, which js 
entirely an excess volume. One of the ends coincided with the 
minimum section, area=Ap, that is, it was in the plane through the 
center of the hole and perpendicular to the edges of the sheet. Th, 
specimen would therefore have the same relative excess as a sym- 
metrical specimen of twice the length. 

Volume III was calculated exactly by integration between the end 
surfaces of the specimen. A more convenient approximate solutioy 
for volume III was obtained by applying Pappus’ theorem, that is, 
by multiplying the area of the generating quarter ar inulus by the 
length of the are traversed by its centroid. A convenient Leia 
mate solution for the total excess volume was obtained from eq 4 and 
5 derived in appendix A. All three methods gave values for total 
excess volume which checked within 0.01 percent of the “minimum 
volume.”” Approximate and convenient considerations such as thos 
given in appendix A seem, therefore, adequate for computing excess 
volumes of area specimens of this general type. 


or 
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III. PROCEDURE FOR APPLYING A VOLUMETRIC METHOD 
TO MEMBERS OF VARIABLE CROSS SECTION 


The use of volumetric methods for determining the minimum 
cross-sectional area of a specimen of varying cross section requires 
refinements in preparing the specimen as w ell as consideration of the 

variation of cross section throughout its length. The problem in- 
volved will be illustrated by an airship box girder with circula 
lightening holes (fig. 2). It is hoped that the procedure followed, 
together with its discussion, may serve as a guide in determining the 
procedure for other structures. 

The girder shown in orgs 2 was made from four strips of aluminum- 
alloy sheet nominally 0.05 in. thick. The strips were flanged to 
form corners of the girder, two of the strips being outside at the 
corners and two inside. They were fastened together at the corners of 
the girder by rivets. Holes had been cut and flanged in each strip 
according to a pattern which was repeated at regular intervals throu; gh- 
out its length. The cross-sectional area was a minimum at sections 
perpendicular to the longitudinal axis of the girder through the 
centers of the large circular holes. For the outside strips the dimen- 
sions w, d, and f required to determine the excess volume (see appen- 
dix A) were 2.05, 3.70, and 0.09 in., respectively. For the inside 
strips these dimensions were 1.20, 4.5 55, and 0.15 in., respectively. 

Let us consider the various steps in determining the minimum 
cross-sectional area of this girder. 
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1. SELECTION OF SPECIMENS 


[t is important that the specimen be of convenient size, large enough 
for accurate measurements of length and volume but not too large to 
obtain the minimum area accurately from the average area. A 
practical lower limit of length for area specimens prepared by the pro- 
cedure outlined below is about 0.2 in. The upper limit of length 
depends upon the type of variation of section with length. It is 
frequently determined by the presence of irregularities, such as rivet 
holes, at or near the minimum section. In such cases it may be 
necessary to choose between a symmetrical specimen which includes 
the hole and an unsymmetrical specimen which avoids the hole. In 
ceneral, these should be taken respectively longer and shorter than the 
corresponding symmetrical specimens without such irregularities. If 
it is necessary to include a rivet hole in a specimen, the minimum 
leneth may depend upon the size of the hole and the accuracy with 
which its volume may be obtained. For such a specimen it is advis- 
able to include at least about 0.05 in. of the material on each side of 
the hole. It is recommended that the hole be made cylindrical with 
a sharp drill of known diameter before the specimen blank is cut out. 
The rivet hole is usually located in a relatively flat portion of the 
specimen, so that a few measurements of the thickness of the material 
in that region will give the average thickness of the material which is 
lacking. From these measurements the volume of the hole is com- 
puted and added to the volume of the area specimen to obtain the 
volume of the full specimen before dividing by the length to obtain 
the cross-sectional area. 

For the airship girder that is used as an illustrative example, it was 


possible to obtain symmetrical specimens 0.3 in. long. The specimens 
from the outside and inside sheets had nominal volumes of 0.5 em? 
and 0.3 em, respectively. The location of the minimum cross section 
and identification symbols for each specimen were marked on the 
girder by lightly scratching with a sharp scriber. 


2. DISASSEMBLING PORTION OF GIRDER CONTAINING SPECIMENS 


A portion of the girder containing the specimens and extending 2 
or 3 in. beyond them on each side was cut from the girder. The rivets 
in this portion were then removed and the parts were separated, care 
being taken not to mar or deform the specimens. There were then four 
formed strips of metal from which the area specimens were to be cut. 


3. PREPARATION OF SPECIMENS 


The end faces of area specimens should be perpendicular to the 
longitudinal axis of the member. For short specimens the end faces 
should, in addition, be plane and parallel in order to make possible 
accurate length measurements. 

Kach specimen was prepared by first cutting out a blank, the cuts 
being made normal to the longitudinal axis of the strip, and then 
grinding the ends until the greatest difference in length did not exceed 
one-half of 1 percent. 
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(a) CUTTING OUT BLANKS 


The blanks were cut from the formed strips by two metal slittine 
saws mounted on the arbor of a plain milling machine. The distance 
between the saws was the desired length of the blank, 0.3 in., plus 
about 0.01 in. for finishing the ends by grinding. The strips were held 
in the fixture shown in figure 4. The plate, A, having a bar, B, at one 
end, was attached to the table of the milling machine with the bar 
parallel to the arbor of the machine. Clearance slots had beep 
milled through the bar and in the plate. The blanks were cut out as 
follows. 

The formed strip was placed in the fixture as shown in figure 4, with 
the minimum cross section centered between the clearance slots. The 
strip was clamped with one corner against the bar and the plate. The 
blank was then cut from the strip, the portions supported by the 
fixture being cut last. The other corner of the strip was then clamped 
in a similar position and the opposite blank was cut out. 


(b) FINISHING BLANKS 


The blanks were mounted in Wood’s metal in a steel ring and were 
finished on a surface grinder equipped with a magnetic chuck. 

One end of each blank was first tested for planeness on a flat plate. 
If the blank rocked or tilted, the end of the blank was rubbed on a 
wide smooth-cut mill file. 

Two blanks were then arranged symmetrically about a tapped hole 
in the flat plate, C, figure 5, and clamped with the piece of sheet 
metal, D, having \.-in. sheet rubber cemented to the lower surface. 
The contacts of the blanks with the plate were checked under a slight 
pressure before the screw was tightened. 

A steel ring cut from pipe and having one end finished on a surface 
grinder was placed around the blanks with the finished end in contact 
with the plate. It was clamped by the strap, LE. 

The entire assembly was immersed in boiling water. It was re- 
moved when the temperature of the plate was higher than the melting 
point of the Wood’s metal. Each ring was filled with Wood’s meta! 
that had been melted in a bath of boiling water. It was found desir 
able to have about \-in. clearance around the blanks so that the 
Wood’s metal would flow freely around them. 

The plate, C, was almost completely immersed in cold water so 
that the Wood’s metal would solidify first at the bottom. This pro- 
cedure minimized the effects of volume changes during the cooling and 
solidification of the molten metal. 

The castings were then removed from the plate. Any projections 
of Wood’s metal which might be touched by the grinding wheel were 
leveled with a heated piece of metal. 

Several castings were held on the surface grinder by a magnetic 
chuck which had been checked to make sure that the working surface 
was true. <A grinding wheel recommended by the manufacturer for 
grinding aluminum alloys was used with kerosene as the lubricant. 
The upper ends of the blanks were ground smooth, using feeds of 
about 0.001 in. and a much lighter feed for the finishing cut. 

The castings were removed from the grinder and immersed in 
boiling water to melt the Wood’s metal and release the blanks. The 
burrs on the ground edges were removed with a piece of aluminum 
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Figure 4.—Cutting out blanks. 
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Figure 5,—Blanks mounted in rings. 
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alloy, care being taken not to bevel the edges, and the ground surface 
was lapped superficially on a roughly ground cast-iron plate. This 
procedure was repeated until all of the burr was removed. 
’ The preparation of each area specimen was completed by repeating 
the finishing procedure for the other end of the blank. 

During the whole finishing procedure it is important that the sur- 
faces be clean when they are brought into contact, so that the blanks 
and castings do not become tilted. 


4. DETERMINATION OF LENGTH 


For measuring the length of a specimen, micrometer calipers 
were used. ‘The readings were estimated to one-tenth of a division 
0.0001 in.). 

The length of each specimen was measured at from 10 to 15 equally 
spaced locations. A specimen the length of which varied more than 
one-half of 1 percent was reground on one end. 


5. DETERMINATION OF VOLUME 


The specimens were grouped together for a volumetric determina- 
tion and the hydrostatic-weighing method was used. This appeared 
to be the most convenient procedure, since the density of the material 
was not accurately known and since the specimens were of the same 
length and the cross-sectional areas at the individual corners were not 
required. 

In applying the hydrostatic-weighing method, the volume specimen 
consisting of a group of area specimens was placed on one pan of a 
balance and was counterbalanced. Then, while suspended from the 
same pan, it was immersed in a liquid of known density, and the sys- 
ten was balanced by adding weights to that pan. 

The volume was determined with the Mohr balance shown in 
figure 6. Pan P, of the balance could be held against a pan rest, R, 
by two weights, W, on a cord passing through a wire loop fastened to 
the bottom of the pan. The cord was so arranged that when it was 
pulled taut, the weights were raised, allowing the beam to swing. The 
amplitude of the swing could be controlled by raising the weights 
slowly. 

A pan, P:, for holding the specimens when weighing them in air 
was provided for the right arm of the beam. A holder, P;, for sup- 
porting the specimens while they were being weighed in water was 
suspended from the bottom of the pan P2 by a 0.003-in. copper wire. 

In order to determine the position of the pointer which passed 
through a slot in the support of the central bearing of the balance and 
consequently was least easily observed when the beam was nearly 
balanced, a light was so placed that the shadow of the slot and pointer 
could be observed on a screen, S, back of the balance. 

The liquid used was distilled water. Good results were obtained 
by using a very fine wire for suspending the specimen holder by having 
the wire in the same position relative to the surface of the water for 
each balancing operation and by observing the following procedure. 

The apparatus was assembled as shown in figure 6. The wire for 
suspending the specimen holder was cleaned with alcohol and exam- 
ined for kinks and other irregularities. The water level was adjusted 
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so that that portion of the wire which gee through the surface 
es adhering to the specime 


the water was smooth. Any air bubb 
holder were removed. 

The left-hand pan was held against the rest whenever specimey; 
or weights were being changed. 

The | specimen was given a final cleaning with alcohol and alloweg 
to dry, after which it was always handled with tweezers. 

The temperature of the water was observed and recorded to 0.5° ¢, 

The specimen was placed on the right-hand pan and was ie rox] 
mately counterbalanced by weights on the other pan. The beam y 
finally balanced with a 5-mg rider on the right arm of the beam. The 
amplitude of the swing of the beam was made very small before th 
final balancing by slowly raising the weights for holding the par 
against the rest as the pointer neared the zero position and by mani 
ulating the 5-mg rider. The final balancing procedure was as follows, 

The 5-mg rider was placed on the right arm of the beam near the 
knife-edge and was then moved to the right along the beam until the 
right side was definitely heavy. It was then moved toward the le 
until the right side was definitely light. After the first trial the ride 
was carefully moved about one- -fifth of a division at a time to keep t the 
amplitude of swing of the bes am small. The procedure was repeated 
until successive averages of maximum and minimum readings checked 
within about three-tenths of a division (0.00015 g). The average of 
these two values was recorded to 0.1 division. 

The specimen was removed from the pan with tweezers, immersed 
in the distilled water, and then placed on the specimen holder after 
any adhering air bubbles were removed. If difficulty was experienced 
in removing air bubbles from the specimen, it was dipped in alcohol, 
then in distilled water, and thea placed on the specimen holder, 
Weights were placed in the right pan to balance the buoyant force of 
the water on the specimen. An approximate balance was obtained 
with a 10-mg rider set at a division mark, and the final balancing was 
done as before with the 5-mg rider. The average reading for the 5-mg 
rider was recorded, also the weight represented by the 10-mg rider 
(0.001 g per division) and the weights in the right pan. 

It was generally possible to obtain successive values for the apparent 
loss in weight that checked within 0.1 percent for a specimen measuring 
not less than 1 cm’. 

The volume was calculated from the apparent loss in weight, using 
factors given in the third column of table 2 in appendix B. 

If the density of the specimen is desired and an analytical balances 
not available, the weight in air may be obtained by balancing the 
system without the specimen by adding additional weights to the 
right pan. 


6. COMPUTATION OF CROSS-SECTIONAL AREA 


The average cross-sectional area of the specimen was calculated by 
dividing the ‘volume by the average length. A correction computed 
from eq 5, appendix A, was applied to obtain the minimum cross 
sectional area. 
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IV. DISCUSSION 


1. TIME REQUIRED 


The time required for determining the cross-sectional area of a 

rder such as the one described was found to be approximately 20 
man-hours for the selection and preparation of the eight specimens 

at ted as a group and 3 man-hours for the determination of volume 
id length. The time is necessarily increased when the cross-sec- 
‘onal areas at the various corners are desired or when it is necessary 
to o take specimens of different lengths. 


2. ACCURACY 


Since the cross-sectional area is given by the ratio of volume to 
ingth, the accuracy of its value depends upon the combined errors 
in the length and volumetric measurements. 

The error in length will depend on the shape of the specimen and on 
the deviation of the end surfaces from parallelism and from perpen- 
cularity to the longitudinal axis of the specimen. For a specimen 
\3in. long from the airship box girder, figure 2, it was estimated from 
a detailed study that the average of the length measurements was 
between 0.16 percent less and 0.20 percent oreater than the actual 
werage length. This figure was derived as the sum of an error of 
from —0.03 to +0.10 percent due to errors in the micrometer caliper 
measurements resulting from deviation of the end surfaces from paral- 
lism, an error of from —0.06 to 0 percent due to deviation from 
perpendicularity of the end surfaces, an error of from 0 to +0.03 

percent due to surface irregularities, and an error of £0.07 percent 
insetting and reading the micrometer calipers. 

A detailed study was also made of the possible errors in the volume 
determination. It was concluded that “he volume obtained for a 
specimen or a group of specimens 0.3 in. long, having a total volume 
seater than 1 em* (0.061 in.’), was within +0.17 percent of the 
actual volume. ‘This figure was derived as the sum of an error of 
+0.02 percent due to the tolerances for the class S? weights used in 
the determination and an error of +0.15 percent obtained from a 
statistical study of a large number of volume determinations by two 
observers. 

The total possible error in the minimum cross-sectional area for a 
symmetrical specimen, without holes, of the type considered was 
estimated by adding the errors in length and the errors in volume and 
alding to these a possible error of +0.01 percent in the value of 
excess volume (see appendix A, table 1). This results in a total 
possible error of from —0.38 to +0.34 percent. 

The total possible error in minimum cross-sectional area of ¢ 
symmetrical specimen of the same type but with a 0.2-in. rivet ate 
was estimated to be from —0.70 to +0.66 percent due to an addi- 
tonal estimated error of +0.32 percent in determining the volume 
lacking because of the hole (see appendix A, table 1). 

The total possible error for an unsymmetrical specimen of the same 
type which would avoid a 0.2-in. rivet hole having its center in the 

inimum section was estimated to be from —0.71 to +0.59 percent. 


'See Cir. BS C3 [3d ed], 26 (1918). 
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The error is greater than for the symmetrical specimen of the san, 
length because of an increase in the possible error of the excess volume 
(see appendix A, table 1) 


V. SUMMARY 


1. If a structural member has a cross section of simple geometris 
shape and of sufficient size for accurate measurement, the cros. 
sectional area can be determined readily and satisfactorily from th 
measured dimensions. 

2. For other structural members the average cross-sectional ares 
over a given length can be determined more accurately by volumetri 
rT. 

The hydrostatic-weighing method and the weight method wer 
tomas to be the most satisfactory of the volumetric methods. 

4. For a structural member the cross sections of which differ jy 
size, the minimum cross-sectional area can be determined by volu. 
metric methods if the relationship between the minimum and the 
average cross-sectional areas of a suitable area specimen is known. 

Frequently the specimen can be taken sufficiently short so that 
the difference between the average and minimum cross-sections! 
areas may be estimated or even neglected without materially affecting 
the accuracy of the result. 

If short area specimens are used the end surfaces should be plane 
and parallel so that the length can be measured accurately. 

The minimum cross-sectional area of a symmetrical area speci- 
men, free from holes, 0.3 in. long, and having a volume of 1 cm’, can 
be determined, by the volumetric method described, with an error of 
less than 0.4 percent. If there are holes near the minimum cross; 
section, this percentage may be approximately 0.7 percent. 


The author expresses his indebtedness to his associates in the 
engineering mechanics section for their helpful cooperation, in partic- 
ular to C. S. Aitchison for valuable advice and assistance in many 
ways. He is also grateful to G. C. Klein, formerly of the instrument 
shop, and A. Altman, of the machine shop, for assistance in develop- 
ing the procedure for preparing the specimens, and to members of - 
Weights and Measures Division for valuable suggestions and { 
making check volumetric determinations. 


VI. APPENDIX A 


Derivation of Approximate Formulas for Computing the Minimum 
Cross-Sectional Areas of Specimens Having Flanged Circular 


Holes 


Consider a formed strip of sheet metal such as was used in the girder, figure 2. 
The minimum cross section is that cut by a plane through the center of one of the 
large circular holes and perpendicular to the longitudinal axis of the strip. 

Consider, for convenience, the material between a hole and one edge of the strip, 
indicated by its minimum cross section in figure 7 (a). An area specimen is taken 
from this region, with its end surfaces parallel to the minimum section. 





Mila 


Cross-Sectional Areas 


















































U M 


Figure 7.—Assumed distribution of flange material for deriving eq 6. 


Let l=length of area specimen 
d=inside diameter of hole 
s=distance from minimum section to midlength of specimen 
ae SS 
§,=sin~* —F— 
. . _,l—2s 
6,=sin7! 


w=developed width of specimen. (See page 623, also fig. 7a.) 
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Assume ge the average thickness at and near the flange is equal to the 
thickness, t, of the whole specimen. 

For convenience in computation, the flange of the hole is re placed by two 
ally perpe ndicular parts—one part (represented by its minimum cross x 
AGED in fig. 7 a) lying in the same plane as that of the material adjacent 
flange and having an inside diamete r equal to the hole diameter, 4, and th, 
part ( (represented by +4 C’E, ae 7 a) considered to be part of a tube ( (represent 
by the section G’ B’C’E’, fig. 7 b) having a mean diameter equal to d and le, 
equal to 


Qf 


f=KAB-—K. AG— = 


where KAB is the distance measured along the outside of the flange from a « 
venient point, K, near the flange, to the edge of the flange; AG is the pr ject 
of the flange upon the plane of the material adjacent to the flange; and 8 j 
angle between the norma! to AG and the edge of the flange. 

The excess volume, AV, is equal to the total volume, V, less the “min} 
volume,”’ wil. The excess volume involves only the material represented by 
portions UGM and GWN, figure 7 (ec), together with the portion of the flany 
replaced by a tube. 

The volume represented by UGM is equal to 


A in 0:)~“tein 0, 000 0,46 Ee 
4 81n Gj, 8 sin @; iS Oj 1) 4. 


Similarly the volume represented by GWWN equals 


a 


The excess for the tubular portion equals 


tfd ‘ 
- (0; + 4.) — tl. 


Adding these three expressions results in a total excess volume 


F = l 
AV:= {4 a sin 6; cos 6;-++-4;-+sin 6. cos +o) |+Se, +) — fi. 


If 6; and 6 are sufficiently small, as will frequently be the case, @ and cos 
may be replaced by the first two terms of their series expansions: 


9 


#=sin at+4 sin® +a sin'9 + 


and 
Pre re 
cos 6=1—-5 sin’?é@— = sin’é— 
2 5 


a : me ‘Sen 0 
=t q 2i—d(sin 6,;-+sin 9) + G (sin*d; + sin*a,) 
) 


fav. , Ls we 
+75] sin 6,-+sin 6.+-4(sin°@, + sin*0.) |—fl}- 
2 6 . 


so that 


Substituting in eq 3 the values for sin 6, and sin % given respectively in eq | 


and 2, we obtain 
17. lt 1 -alG: :), (4) 
=— + 12 La 


” 


The ratio, E, of excess volume, AV, to “minimum volume” wt!?, which is also the 
ratio of the excess cross-sectional area to minimum cross-sectional area, is 


ne AV _ 1, SV (2 ) 
pasta (144) (Bte ‘ 
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To obtain AE, the error in E due to an error As in s, substitute s+ As for s in 
5 and subtract eq 5 from the resulting expression. This gives 


‘ 2f 
AE=- 1+— 2s+As)- 


wd ' d \% 


Calculations of F and of AF and other possible errors in the minimum cross- 
tional area of the girder considered in the illustrative example are given in 
able 1. Caleulations are also given for unsymmetrical specimens and for addi- 
ia ql errors due to rivet holes at the minimum section. 


T,pLE 1.—-Calculation of excess, E, and possible errors in minimum cross-sectional 
area for area specimens from a box girder with circular lightening holes 


; : Jusymmetric 
Symmetrical specimens \ ye seni il 
Pn. it L 2 Ot. 


; Com- Out- Com- 
Outside nside i ns oe 
tsid¢ bined side | Inside bined 


0.15 


4.55 


1. 066 


19.52 | 15.93 
0. 30 0. 30 
25 . 25 


. 0700 . 0700 . 0700 


22 )- 1l00E, percent 8- 


‘ * | 
ng minimum section, AE, eq 6: | 
i a 


97 1.37 1.12 


; 03 40.03 j'+0.03 
K .\ + | 1 99 
As(As+2s) =100AF, percert ® ‘ b aly a 
20 
surement of w: 
- 02 
——) percent ® 
jue to variation in thickness: 
1X100E, percent ® - 
stimating excess, E: 
‘minimum volume,” percent ® 
g “minimum volume,” perceut & 
I mputing volume of rivet holes: 
radius of hole, in - 
kness of sheet, in_-- 
n tb. 002 oan 
rAt+2tAr) =», error in volume, in. +. 00007 +. (00079) +. COO1LSS 


V, “minimum volume,” in.é . 03075 . 018 . 04875 


100t 92 4 29 
=, @Iror, percent *...........- : f +. 44 7 Y 
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VII. APPENDIX B 
Calculation of Volume From Apparent Loss in Weight 


The volume of a specimen, measured in cubic inches,?can be calculated fro, 
its apparent loss in weight, measured in grams, when immersed in water, }, 
making use of table 2. The factors in this table were calculated from standa; 
density tables for distilled water at 15° to 35° C,? assuming the density of th. 
weights to be 8.4 g/cm? and the density of the air to be 0.0012 g/em*. The seeong 
column of table 2 gives the volume of the specimen at the water temperatiro: 
and the third column gives the volume for duralumin specimens at 25° C, obtained 
from the volume at water temperature, assuming a coefficient of linear expans ' 
of 23X 10-9/°C. 


TABLE 2.—F actors for conversion of apparent loss in weight in water (g) into vol 
P , g ' 
in.*) 





Factors for Factors for 

| specimensat | duralumin 

watertem- | specimens 
perature | at 25°C 


Water 
tempera- 
ture 





<a in3/g } in.3/g 
15 0. 061143 | 0. 061185 
16 | - 061153 | . 061191 
17 . 061163 | . 061197 
18 | 061174 | . 061203 
- 061186 | . 061211 


- 061198 . 061219 
. 061211 . 061228 
- 061224 | . 061237 
. 061239 } . 061247 
. 061253 . 061258 


. 061269 . 061269 
. 061285 | . 061281 
. 061302 | . 061293 
. 061319 . 061306 
. 061337 . 0€1320 


- 061355 . 061334 
. 061374 - 061249 
. 061394 . 061364 
- 061414 - 061380 


. 061434 . 061396 
. 061455 . 061413 








WasHINGTON, August 26, 1939. 
4 Cir. BS C19 [6th ed.], 47 (1924). O 





